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The various graphical and mathematical technigues available for controlling

research and development projects are considered in relation to the needs of the

manager of a small project. The PERT/TIME model is recommended

-he implementation of PERT/TIME in the R Dfield is discussed, and a

brief account is given of experience gaihed from its 'use in managing the

engineering development anrd manufacture of the data handling sub-systems of the
U.K. 3 satellite.,

<. Appendices are included which describe the basic PERT/TIME system and

postulate operating instructions for its use. Mention is made of derivatives

of the original techniques which may be of use in the future.
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I INTRODUCTION

Much of the time of raembers of the scientific and professional classes in

the CiN-il Service is spent in management- Almost ovary recruit muat expect that

some part of h i c~rccr will b ds:roted to ,ntiuezi IurI> s h.vever distasteful

this may appear to him at the tine,

Nearly all scientific Managers perform heir managerial duties without

recourse to techniqoes and facilities which they would use in their technical

work as a matter of routine, Indeed, many of them regard scientific techniques

for managmoL with a healthy but irrational sccpticim, It is a little sur-

prising that a man vho has employed an electroidc computer to evaluate a

mathematical model of a control system should scorn to use the snrae technique to

assist in orgarising the dcrelop:nnrt of the resulting hrndware,

This attitude is gradually changing, at least at the highest levels of

management. In Britain. a Gonni.dttee was set up in M.ay 1958; "To enquiru into

the techniques emlo5-.d by Goverrrnent Derartents and other bodies wholly financed

by the Exchequer for the management and control of research and development carr-.cv

cut by them or on their behalf, ay-' to mnake reomnenations". In the Committeet .s

report I fifty-two recomendtio-_s were made covering a very wide field of

scientific policy, and some of them have been adopted. in particular, th3

Co:,mr-ittee made detailed recomiendations about the procedure to be adopted in the

letting .nd, control of development contracts, It laid great str ess on ca-eful

planaing both in ter.. of cost and. time-scile.

In the U.S.A. the priority allocated to the development of a nuclear weapon-

system imnne to interdiction (Polaris) led to the development of network analysis

as a tool of managc iient 2

In the i.iniltry of Aviation network analysis is already-, being used in the

control of -ajor proj'ects, of which Sea Dart is probably the best know, On tha

1st January, 1965 a sect-on was set up within the Cont-ollerate of Aircraft for

project time adl cost analysis.

However. the use of network techniques for R. and D. Projects of small size,

say oCf ioss than £500 000 total cost, is unusual. .ihen they have been used, it

has cften been at the instigation of the contractor.

It Yas freqaentiy been said that network techniques do not make a valid

contribution to small prob jects, This is not so. Atny progranme of work which

involves -he co-ordination of inter-depedent activities can use them Valuable

savings of t>nc and cost h'avo been achieved in plant mailiteance, when activity

durations have :eon measured in hours raiher than weeks.

__ _ -- __ _ _ _ _ _ - - -~ - --- --.. ,~. ..-
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Early in 1964 it was decided, in a Section of Space Departnmnt, to overhaul

the techniques that it was using in managing the small projects with which it was

concerned. This paper is largely based on the experience so gained. It is

concerned with the examination of the needs of the Manager, thu choice of a

mathematical -nodel technique to meet these needs, the experimental introduction

of the techniauc into a small project (the data handling sub-system of the

U.K.3 satellite), and the possibilities of future extension. It assumes a know-

ledge of the basic principles of network analysis, but includes in Appendix A

a brief su.nrrary of the Progr ne Evalurtion and Review T:chnicue (PERT), which was

the system selected. Rjaders who are unf liar with the management type of

network Lalysis shoald read it, at least up to Section X.3, before reading beyond

Chapter 3 of the main text.

2 THE J1]=O OF T," 1.1AGI

The primary function of the 1.Managcr is the raking of decisions. He may

possess powers of persuasion and leadership, ar a large fist for banging the

table, but he must still decide when and in what way to use these powers and how

hard to bang. He must allocate his resources, r-npo'.'er and equipment, to achieve

his objective within his specified time-scale and overall cost; if possible sooner

and cheaper. He must ensure that the inp.uts and outputs of the device he is

producing are compatible, in every respect including time, with the other equip-

ments with which it must work, or as the jargon is. he must control his interfaces.

He mnst ensure that all the people working on the project are aware of their

precise function and their relation with each other. Above all, he must monitor

the progiess of a project sufficiently closely to modify his original directives

and allocations to meet changing circumstances, before things get out of hand-.

The reccimcnded procedure for decision making is usually a variant of the

folloving:-

(i) Define the problem.

(ii) Analyse it.

(iii) Postulate possible solutions.

(iv) Select one.

The Ma ager of a developmient project normally has his problem defined for him

in general tenrs by means of an operational rezulirement, a design aim or a

performance specification. He may also, but not necessarily, be told when the
equipment is required andl how .-mch he can spend. Often, he will be required

to rnkc estimates of time-scale and cost. Occasionally, the problem may not be

clearly defined and the Aanager will have to do this for himself.
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In order to make the problem anenable to analysis, it must be broken down

in seine degree of detail. This division may be done chronologically, in terms

of technical difficulty, in terms of the various technologies to be emi~loyed, or

in terms of the man power and facilities to be used. The list is not exhaustive,

nor are the criteria for division nmtually exclusivc, If ti analysis is to be

usteful, it must be disciplined. The Manager needs to determine the areas of

greatest difficulty, and to relate each activity to those dependent upon it, and

to determine its bearing on the overall tme scale and cost. All this can be

achieved by constracting a mathemaLtical model of te problem.

Du ring the next phase of the analysis he may wish to measure alternative

technical solutions against the project requirements and against internal and

external interfaces. Hoc will need to decide what parts of his development

proaraTnme can be carried cut in series, and what must be done in p3rallel to

avoid over-running the ti-ne-scaleo

Having isolated his problems and planned their solution the !Manager now

needs to cxunrunicate his plan to his subordinates or his contractors. It is

obviously advantageous if the perfucted mathematical model is in such a form that

it can readily be understood by th:n, It is even better if those concerned with

the most detailed asnects of the work can analyse the problems delegated to themr

by means of the same technique. In this way the difficulties of infoimation

feedback are miniulised, but the choice of model is thureby ILmited.

Feedback of information is of vital importance because, as the project

proceeds, it will becor.e apparent that the overall plan must be changed. This

ray be because it was *wrong, or because the requirem.ents of the project may have

changed. The feedback must be sufficiently rapid for the Manager to recognise

the nee difficultIes ai! resolve them before the project as a whole is advirsely

affected, Por this to be achieved all concerned must "speak the same language o

1,:ost i:.portant of all, the manager needs a status reperting :;ystem that

w;-ill enable him. to "r.-anage by exception". The te chrique of management b,

exception is based on the premise that no M,[anager car effectively control every

detail in a projcct. He must direct his endeavours oLly towards those parts of

the project wiich, exceptionally he hopes, need his attenrion, Pe must, therefore

be able to discover which activities C-tenine the completion date and which have

-the greatest effect on overall cost (they may not be the samc). In this way he

will not waste tL-ne in speeding up activities which do not directly affect the

overall time scale, and in devising false or negligible econom-ies. This method

is particularly valuable in the Civil Service, where more or less rigid staff

complements tend to limit the availability of managem;nt expertise.

_________ ______________ _______ _____ ____________ _________________________ ___________
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TrIhe source of most of the more fashionable management techni-ques is the

aerospace irdustry of the United States, A list of these 3 , published in Mrch 1964,

contains some fifty techniques frow ABLE (Activity Balarne Line Evaluation) to

WHISIT (Where In the Hell Is It?). It was only the lack of published information
on the latter w.hich preventeda its L-r.-ciat,; adoption.

In fact there is aa interesting dichotoaTy betwecn the practise of industry

in the U.S. and the U.K. In America many firs employ network systen-s dignified 1
with a unique acronym which may includa their own name, but which are

basically PERT. In the United Kingdom many fins claim to use 1%RT, whereas in

fact same use unique systems based on the memory of one of their executives of a
If-da session at a tnagement training course held some timo ago, and which are

not PERT at all.

The proliferation of techniques is more apparent than real. They may be

divided without significant loss of precision into two tyrcs: bar charts and

nietworks.

3.1 Bar chart techniques

A bar chart is a graphical ;n=odel of a project in which each aspect to be

represented is shon,' separately as a bar or line. Thne bars are normally displayed

horizontally against a time scale, a.-d can thus be made to indicate the beginning I

and ei of work on each aspect. This iroorr tion can be exte nded by width

modulation and/or colour coding to show the magnitud( ard type of effort and

facilities involved. An exa-rplc is shown in Fig. 1.

This type of chart can be of assistance in allocating effort ard. resources

from a lirS to pool. It can 31so be used to develop or check the development cost

plan required by 1-4O.A. of its tenderers and contractors It does not sho;.w the

inter-deperence of the various activities. Aiother limitation is that the only

events which can be allocated a point in the time scale are the beginning and end

of each of the activities displayed. If the number of bars is extended to include

all the significant events, even in qaite a small project, it becomes a very

long ard confusing strip of paper. It makes no provision for the evaluation of

work in progress, i.e. progress along each bar", and thus is of no assistance to

the manager in measuring achievements in tert of time aid cost against his targets.

The bar chart is most useful in resource allocation for production

progranns, ard for the presentation of a very broad (though possibly misleading)
picture of a project to higher management. It has, however, been developed in

various ways to overcorw its limitations.



3.1.1 Gantt charts5

It is comnon pr;.%ctice to refer to all types of bar charts by thi
title, but strictly it refers to pr-oduction scheduling charts of the typo

7,1.
s shiown in P'ig, 2,

This is a shop loading chart which showgs the schcdulcd tile for the

oozplticn of each ite, as an open bur and the perforLnce actually achieved

as a soi-i bar. The syst:-, was devised by K. L. Gantt to assist with
munitions production in America in the 1914-1518 war, it will be noticed

4 that the system does rot allow for uncertainty in the time of completion of

each activity.

Although it is limited in scope, many variants of the Gantt Cart have

been widely applied in In3-, ;-try and it has not been cordined to the production

situation for which it was erigirnally designed, The prescnt writer has used

the technique in progressing the activities of a num.ber of contractors making

similar items of instrurentation. Perhaps the most valuable results were

achieved1 by displaying the Gantt Chart on the office wall, so that the lagging

contractors could be spurred on by the visibly superior efforts of their

co.-metitors.

3.1.2 Line of balance

T-is techniqae has been applied almost exclusively to production planning,

and is thus of limitl interest. For this reason it is not described here,

There is a brief but clear explanation in Polaris Management Its purpose is

to highlight the areas in which production is falling behind, an.d can show

where the remedial attentions of marager ent should be directed. In other words,

the toecnique is directed tc'nrds aenievement of the "man-gem.ent by exception"
principle in that only those components which fall cignificant)y belahr the line

of balance need be hastened.

3.1.3 !'ilestone chnarts

Another technique for increasing the usefulness of bar or (hntt charts

in the control of R. & D. projects is the milestone method. A mrrlestone is a

* carefully defined situation in the lifetime of a project; for exa.ple, the

delivery of the first prototype or the completion of manufacturing drawv ago.

These mialestones are usually shown by a nurbered asterisk or arrow against tha
particular bar of which they form part. The position of the milestone is

established by determining the point in time when it ought to cecur if the projer;:

is to be completed on schedule.



This technique has been used quite extensively in the control of

Mnistry projects. The 'developiient plan" which i a mandatory part of

the documentation specified by CW./S.A. Project Costs in their contractors

development costs plans is to be a rilestone bar chart.

Like other fonrms of bar charts, the milestone method does not take

account of the interdependence of activitieo, or milestones, neither does it

allow for any uncertainty in estiz teJd ti;ns for activities. Reference 4

does envisage that the milestone chart may be derived from a netw,°ork, in

which case these limitations need not u-Ily.

3.2 Network techniques

The next step in the cvol.tio , of graphictal ii,rels of R. & P. projects

was the net-ork. Fig. 3 shows how it was derived iron the milestone bar chart

by introducing lines linking the rililestcnes to indicate the constraints which

-hey impose on each other.

A good account of thc baclground to this devolopment is given by

Miller * Several studies carried out in the Urted States shoed that military

and com:ercial development and prolution :rogrc - s had vastl. xc, ed their

estimated time and cost. This led to the deierlop:l.ent o, the Critical Path
MIthod (C.P.I.T.) by '.!. R. Walk:or of !DuPont and J. E. Kelly of cF~ingtor-Rar.

Ir.dependently, and at the sa:e tiim-e, a reznaich tean in the i eavy o, -I' . Projects

Office developed the Progra=.e Evaluation and he -' e , Technique (r, ) for the

fleet ballistic missile progra7.re, otherw-ise PTlaris. The first published paper

on P LT appeared in Septenber 1j3,9

Although the two techni.pxes have the sa-.e basis arn many similarities,

their vocabularies are different. To avoid c o£nfusion, thiz paper will use the

PZT vocabulary exclusively, in the or gina] forn, C;.P... incluIed cot as a

parameter, but PERT did not. An extension of the EEI2T technibue to include cost

has since been -ade and this is known as PERT/COST. This Ias led to the original

version of PMT being known as PFRT/TI]a. The distinction also will be mad e in

this paper.

The basic network techniqie used for both COP.". and PERT involves the

construction of a flow diagram or network of "events", shown as circles or

rectangles, and "activities" sho,; n as arrows. The event is defined as a distin-

guishable, una biguous point in tine that coincides with the beginning and/or

erd of a specillic task or activity. The arrow shows either a specific activity

which must necessarily be completed in order to achieve the event to which it

points, or a constraint iwhich, vhile not involving time-corsum ,ing activity,



nevertheless governs the achievem-.ent of the event. This Latter is 'known as a

"dunnay acivt'.Te ncilieve~iient or any event will 'be governied by one or m.-ore

activities, and it will initiate one or m,-ore further activities, the first and

last events be-ing exce-pte d. ThuIs, all. th-e activities in the project are shown

on thenetwr in the. ir prop-er ardcr an-d in their correct relationship to eacft

*Estic;-ates are mladae for the timie to be takeQn bycach- activity, ant. it is

then. possible tco cax;pute the total tUie to reach any event in the netw."ork from

* the start. fr~ hscan be dedu ,ced the, activities3 -:hich uctennine the comuoletlon

date of the projecot - the "critical path,.' through the netw;ork. It is in this

analysis that C. ,-A PETdiffer, A fuller treat-aU-nt of network construction

is given at !Oupeilix A. I

52. 1 The critical path mnthod-CPM.

Up to the point of the cor,clotion of the netorte tecii;nipues used in

C...azA KPTare identical, althoughn as m-.crtione,:d U-bove thei- terminology is

different. The C.~..model is determinirstic, that is a single tim,-e estimate

is ade for each acti';ity, and no allowance is made for uncertainty. Fu rther, in I
the orgii cp:: ystem:- it 'tas assumen.. - that the: estim..-ator wouMl be on

sufficiently familiar ground tco make2 a cost estimn.ate- as ,-erll. Frosi these estmate:..

* it is -roasibic_ to dedauce theo total tire-, and cost for the. ro jeet.Ift toaI

time.- is too gre at to metithe sche duled ruienta seconrd set of estim-ates,J

* knownasl 'crsh is madle. 71-ve crashetaae for each activity are- the mn~m

nossible tin2_ for Its acheemn, n the inavs but iltdcost involve.d.

Thsth,; 1noral ~.tmtsrcure)sest the most e-onc..ical wauy ofl carrying cut the

nropct, aiii tht; cras!I estli:ate:s t,,:L-A~'St

From: the nor-,aIl a rd crash Sc h,ulas a th-ird chde]ais developed- to

determine th--- inei 1 Cost to met the crash tijue; sche-odul-by rever-ting-.C fIrom: crash,-

to nonrmal th.ose_ activities whic'h haesufficien-t slack, i~ 0 thosec activities

which have tim in hand on the crash schedule. Yurthe r schedule-.s mrthen be

procucen aL arbitrary times cerween. norm-al 'ma. crash in orwa' to genoxaten a

"Itime /cost curve 'for tnti projet Pru.s this and fromi- knal.-ezlgo of thec custome,(rs3

r~qjsircmenrts, a final otizr"sehe,.du.la for theL pro j-eot is nreparaa.

it w-ill be, a-su.arent that to carry out a meaningful analysis of this kind,

the manager m,.ust have a-vailable accurate estim--ates, both in tmu-., ard cost, for1

eae -: activity. It is assum-ed in C.P.L1. that these estirintes wil be, made on thle

basis of past oxoe-rien,c* The mrethod hIas bean apprlica with considerablo, succes

in prdcinand civil o-nginecQrin, pro j-cts.
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3,2.2 The nroaaarine evaluation and review technique - PKRT/TuhC

The major difference betwecn PERT/TILP and C.P.M. is that the former is

a stochastic model. That is, it takes account of uncertainties in the tires

estimated for individual activities by expressing them as distributed variables.

It assures a beta distribution with a starnard duviation (a) of 1/6th of the

range. Of course, engineers are not accustomed to oxpressing their estimated

times for activities in these terms. Purthemorc, rigorous network aralysis

would present formtidable problems, including the solution of a cubic equation,

to find the mean and variance of each distributed variable.

The PiT technique uses a sinplified aporcach to obtain an "expected time" '

ard variance for each activity. Three time estisatos are made for each:

optimistic - to, most likcly - t,3 ana pessimistic - t These are carefully

defined - see Appenrsix A. A weighted ari.thn:etic mean ot' the three then gives

the expected time- te* f
eI 4

t + 4t + t 
A- 0 m p

e 6

Since the range is defined by the optimistic and pessimistic estinates,

the variance, is given by-:

(t 
t t 22 0

a2 (t) =.

The jatheiatical basis of this simplification is net rigorous, and it is

knovn that there is a slint bi a, toar'ds an optimistic result. Hoever, the
equatiois can be regarded as em.pirical rales which have --en applied successfully.

Appendix C describes the P!ERT aodcl! of an activity in rre detail.

T'ras the stochastic model is convervtel into a deterministic one in which the

elapsed time to reach any event can be calcuated by adding the expected times

for the activi'-ies in the longest path to it .rom the initial event, and a masure

of the uncertainty can be arrived at by adding the variances. This measure can be

used to arrive at the probability of the event meeting a scheduled date.

To thi. er.d, an asu.ption is m:,ade that, .hcre there are a substantial number

of activities on the critical path the distribution of the nossible total elapsed

tir.es for the path will approach the normal (oy.qxetrical) distribution. The

theoretical jastification for this assumnption is the central limit theorm, which

holds w.hun there are a number of activities (e. g. more than ten) and their

individual distribution arc random. T-o probability of meeting a scheduled date
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is found by expressing the difference between the scheduled time (Ta) and the

total expected time (Tn) in terms of the standard deviation:

- T.

The result is comparod with a set of probability distribution tables to give

a figure for the probability of achieving T
sA

This approxiiration has been the subject of criticism. It depends, inter

alia, on the assumption that the critical Path is "enough longer" than all other

paths through the network for the latter to be negligible. In practice, this

situation does not often obtain. If parallel paths of duration approaching that

of the critical path exist, the probability calculation will produce an optimistic

answer. The point is dealt with fully in Para, 5.6(g).

It can certainly be argaed that most managers are not statisticians, and are

liable to make inaccurate deductions from statistical information. One of the

foremost uractiuners of PaZT in the U.K. has privately infoned the author that

he does not estimate probabilities, but merely uses the variance of the ob jective

event as a rough gaide.

However this may be, the P T algoris., does provide the mr nager with a sub-

stantial amount of inform.ation about his proj,'ct which ha i6 unlikely to obtain

in any other way, to use as he thinks fit. In considering a ath:mratical model

of this kind, it should not be forgotten that he can introduce a paerful

convoensatin mchani in-co the co:ttien himself,

The size of PRT ard CP.i" networks m-.y range from perhaps thirty events to

rmany thousands, In general, there will be about fifty per cent more activities

than events0 In all but the smalle t tro jeo-s, there will be more than one

lcvcl of naprag.-clent, ard each will wish to operate to an appropriate degree of

detail. In PERT, this fact is acknowlodged by brmakin;', down the total work

content of the project into tasks or "end-items" at different degreus of detail

or "levels of irdenture". The rcsult is displayed a3 a family tree which, it is

Ompasze.., is net necessarily rclat-d to the organisational tree. An csmple

of cart of the w.ork breoldwn stricture is shvm-,,.a in FigAI. Each "block" on the

tree will normally generate one or more networ s. For networks of up to one

hunred evonts, r ianal comutation is easiest arA quickcst, at least initially.

For no tworks of three hundred cvunts or more, electronic data proc,'3sing is

almost essential., It s,I probable that the majority of the smll projects vit'

which this pijur is co1 1erned w,-ouli ge-nrate r swor z, at the ljwest level of

I
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indenture, of between one hundred and three hundred activities. In this border-

line region, the computation, though arithmetioally simple, is tedious and time-

consuming. Means of tackling this problem are discussed in Section 5.

Thus, the basic PZRT/TI1 system does offer, in exchange for effort spent

in the construction and analysis of networks, a solution to the majority of the

needs of the manager as postulated in Section 2. It allows the project to be

broken down into fine detail, without obscuring the major objectives. It provides

a mathematical model of the project, which allows for uncertainties in time, but

which does not involve complex computation. It allows alternative solutions to

the manager's problems to be tried out in the model, and the effect on the time-

scale deternried. By having thu netork and its analysis brought up to date at

regular intervals, ho can ensure that he is adequately informed on progress, and

take acount of any necessary changes to the programme. Most important of all,

the PERT system directs the manager's attention to parts of the project that are

likely to lag, before they actually do so. It is the management by exception

technique par excellence.

The disadvantages of PMRT are that it makes a significant deuarxd on the

managcr's ov,,n time and that of his subordinates or contractors; the statistical

part of its data output is open to misinterpretation; its performanoc is

absolutely deter minec by the validity of the data which arc fed into it. It

dres not include a for..al process for evaluating the accuracy of the providers of

this data, which could be done by cailparing past estimates with the time actually

taken. The conscientious manager does no doubt generate "calibration factors"

for his staff, but there is no reason why this process should not be brought into

the open so that accuracy may improve. Its implmcntation ha s also been known

to cut across organisational hierarchies, but this may not aliays be a disadvantage.

. CHOICE OF TSHLIUE

The reader has knovwn from the beginning that PERT/TIME was the chosen

techniqc. For those *dnqo are prepared to take the job of management seriously,

the advantages would certainly appear to out-icigh the disadvantages. There were,

however, othur reasons for the choice.

In its activities, Space Departn.nt is involved with a number of research

organisations and cstablisments in the U.K. and abroad. Among the, are

The Wational Aeronautics and Space Amninistration (N.A.S.A.) in the United States,

The European Launcher Development Organisation (E.L.D.O.) ard the

Weapons Rcsecarch Establishment of the Australian Department of 6upply. All these

organisations use PRT. A r=iber of firms in the British aerospace irhustry use



it or are dabbling with it. Of the one hurdred and twcnty one firms and

divisions of firms in the aerospace irkustr , of the United States listed by

Frai:bes one hundre ard seven wcre using PERT or a close derivative.

PERT thus has at least the makings of a uaiversal "language" for conmunicatio-.-

of information about projects and their fmanagement. In particular, satellite

notworks could be integroted with those for the launching rocket, ard both with

those for the range facilities involved. in the strictly limited context of the

Section's o;wn responsibilities, a coin.on language was desirable to co-ordiry-te

the different sub-systems for which it would be responsible.

The choice of PERT/TI1.E was thus made on VWo grounds. It appeared to be the

best model, fully developed, for the special requirements of the mramger of a

small developmnt, or research anli dovelopmcnt project. It had fourrl wide

acceptance aong organisatioes v.ith whica the section was likely to have dealings.

.5 IiThTM! !TATIDll OF FE?2RT'I

5.1 Size of project

n Section -1, a "small project" eas arbitrarily defined as one costing less

than half a million pourAs. Thure is no doubt that the application of PERT/TItz

to projects approaching this figure in total cost will yield substantial

benefits. If we are to take cost us our criterion, the qucstion of a lowcr

limit arises.

10
Battersby Tiotes as an example a si,-!i net:ork modllirg thv preparation

of sweet an sour pork. This was formulatod by a mrenlir of the staff of the

College of Aeronautics and his rife - prcsmably for fun. It is at luast

doubtful ' t thnr in culinary efficiency in their fa-mily kitchen

justified the uffort involv,:. if, however, he had. boen involved in the wanage-

ment of a Chinese -czqtaurant, increased off'iciency would yi.Ad financial

dividends.

This is the crux of the situation; in deciding rhether or not to use the

FERT tochnini in the managernent of a p-acticurLr project th. n:ager has to

decid, whethr the bcnefit derived vi 11 justify the ex o riture. involved. Thus,

in plant maintenance, vwherc thne efficiency of ca:xaprativcly small ary inexpensive

operations govern the availability of facilities of high capital value, PERT

ar . have both been used Tuccessfuly. Tn the R. & D. fieldl, the same

principle applies. On the time scale of a very sm-all project, a rrwcn largar

prograircne rtay depernl. It is suggcsted that, in any case, a project whicn seens

likely to co3t £10000 or, iore rhould be corsidered ,-s a voesil;le ctndidate for

the FEkT/T!A2 treatimrnt.
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It is impliLit in the foregoing that the cost of implementing PERT/TIME, as
a proportion of project cost. rises as the project gets smaller. This is bo 'ne

out in practic ... A number wf figures have been quoted by various authorities,

and these zany be sum.mar-sed by saying that the cost of PERT ranges from 0.1 per cent

of project cost for very large projects to I or perhap3 2 por cent for small ones.

5.2 Extent of implementation

Having decided to employ PERT on a particular project one has to decide

how far to go. Some puople merely draw the network and use it as a quaJlitative

guide to project planning. Others go the whole hog and establish comiputer

progralmes for generating many different arrangements of the basic PERT data for

different purposes. Both these approaches have their disadvantages.

The difficulty with the qualitative muthrxl lies mainly in the fact that it is

only in tie analysis that the first indications of the networks validity or other-

wise are obtained. An unanalysod nctca'k must be scru;-inised extremely carefully

to discover such logical inconsistencies as 'lools" (a situation where an event

is its own predecessor, shon in 2ig.4) and "dangles" (an event other than the

initial event ;vhich has no predecessor, or an event other than the objective event

which has no successor). Ihuse faults are quite readily found in manual analysis,

and computer prograrnmres an arrangd so that network validation is thu first process

performed by the machine. Once again, one must consider the value of the infor-

mation obtained. From a qualitative network it may bc detcnaincd that Task 'B'

should comnenco before Task t A'. .ith some extra effort devoted to arlysis,

optimum starting dates for both tasks can be established.

At the other extreme, there is a danger of genurating so much data in the form

of computer print-outs that the manager has insufficient time to absorb them; let

alone base his decisions on them. CoLaputor time is expensive, and the writing of

PERT conpue.-r prograrones is a difficult and length process. Hanever, new computers

almost always havo suitable PRT prograrnmes in their associated "software", so

this difficulty may be expected to disappear in time.

Perhaps the best approach is o begin with manual analysis and, when the

work load becomos too great for the manager or his assistants, to introduce

electronic data rrocessing later. Even then, the r ports calledI for should be

limited to those which are A ;.y necessary.

The amount of vifort involved is greatly affected by the dugroc of

detail or 'level of indenture" of the nc-works. A useful rule of thzmb is

that the longest of the eypectcd times t of the activities at the lowest level
e

of indenture should approxim.ate to the technical reporting interval - or the
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interval bet.een progress meetings. Another usefuil technique is to place an

arbitrary restriction on the r:ber of events in any one network and, if nocessary

to integrate a number of these small netvorks by !reans of ilestones and interface

events into a .mangeable sLumary network at a higher level of indenture.

This technique is taken to its logical conclusion by the Australian

7capons Rese rch Establishment. Their system is to produce a nather of networks

at the Prinipal Officer level of their or-anisatien chart, this could be said

to be somewhere between 9.S.0. and S,P.S.O. level. The Principal Officer's

contribution to any one trials progrrme is a smanll network consisting of no more

than twenty or thirty events. Time cstimntes are then made for all the activities

on the network and these data are transferred to punched cards by the ITERT

Analysis Section. By means of an I.B.ii. 1401 Computer, the data on the punched
cards arc transferred to a magnetic input tape for the I.B.. 7090 Computr which

is to do the arilysis. Since the interface events between the networks are care-

fully coded, the project network is, in offoct, built up on the computer afister

file, and the analysis is done from this. It is quite unnecessary for the

overall network to be drawn at all and this is not done (except occasionally for

publicity purposes). This technique does, of course, depend on the availability

of a powerful computer with large storage capacity.-

5.3 Intra-meral implementation

It is unlikely that anyone would be able to implement PERT in his. oiwn work

without the co-oneration of his colleagues. e may have -o justify the con-

stmrtion of effort to his suceriors, and he .°ill need the assistance of other

people in preparing his input da ta. This introduces problems of persuasion

and education. Tne origin of the present paper lay in requests for colleagues

and superior's for the writer to uxtertak<e these functions. It is hoped that

its arguments will be enough to convince a hypothetical juror that PERT/Thil,

is a valuable tool of ranagement for small R. and D. projects "beyond all

reasonable doubt".

in the past, professional co sultants in operations research have often

been employed by organisations introducing P ET procedures for 1w first time.

In the writr's opinion, this is only justified w,:,here a complex project of great

importance is involved. There is now a great deal of published infor-ation

on PtiT and its derivatives. It wculd be quitue asy, though very tedious for

all conecrnned, to provide this paper with a bjblio-raphy of 500 references.

Instad of this, a brief guide to further reading appears at the erd of

Apperdfix A.

___ __ ___ _ ___ -
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II
If the manager is prepared to make a reasonably careful study of published

information, and if he is prepared for his first atta::rlt at PERT implementation

to be experime ntal in character, the need for employing consultants should not

arise. Ajother useful source of Information is the traini-ng courses in PERT

techniques run by schools of manageirent and som.e computer companies.

Once the people concerned have absorbed the basis of the techniqgio, and the

objective event of the project has been defined, iimplemrentation can begin. The

first task i. to establish a work breakdown structure. This, together - ith

other PERT/ h terms used in this section, is fully defined in Appendix A.

Essentially, it is a chart in the form of a fam.ily tree which defines the levels

of indenture (or detail) at 'hich neb:orks will be prepared. For smal!l projects,

there are unlikely to be more than taee levels of indenture, at least at the

beginning. "The temptation to draw an overall notwork at the highest, or

management, level should be resisted i' possible. Instead, objective events for

the lowest level nct;orks should be established by management, and the individual

officers responsible should start to draw their networks. It is immaterial

whether they use the "back;ard method" (starting with the objective event odA

working backwards), which was favoured by some early Pi.RT users , or the more

obvious fon,,-ard method. it will soon become apparent that network construction

is an iterative 'rocess. Is soon as the earliest drafts are ready, all concerned

should confer for constructive criticism ant esteblishnent of interfaces. The

process of adjustment and r-drawaing of netorks at the lowust level of indenture

will take sor,: time, aji no attempt should be ma-Ldo at this stage to produce tidy

networks for reproduction. ,hen some measure of agreent is achieved, the manage:

can select milestones and interface events for his network at the next higher

level of inde;nture,.

If this shows that the basic relationships betwen the detailed networks are

sensible, time estimates can be prepared.

The choice ofa estimator for each activity is one of balanc bet;een responsi-

bility and experience. Obviously, the individual who is responsible to re:nagemznt

for the completion of a particular activity must be convinced of the acouracy of

the estimates. On the other hand, he may not be sufficiently exprienced in the work
involved in the activity to a-e the estimates hims:Ilf. In this case, it would

perhaps be best for the preparation of the three time estimates to be undertaken

by a s all group i-dch includes the most experienced as ".aill as the responsible

people. If the activity is co!.pl-tely new, it would be isc to sock for some

analagaaos situation for w'hich information is avilable. Guesses should only be

used in the last resort.
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As soon as all the estimates are available, a manual analysis should be

perfonied, prefera'oly by those responsible for the networks. The results of'

the analyses are likely to instigate another loop of network refinemnt and
replanning. There are some basic PERT/TIlT rules for this operation, and they
wi'll be found useful. Alternative techniques and plans can be set up in the

model, and their effect on time scales determined. During this process, it
, rlll be found that tha critical _oath is continually changing, and it is

essential to pr'oceed slowuly; because, for exaumple, enthusiam for shortening

time scales can lead to overloading of resources and facilities.

The result of these labours rill be a model (not a plan) of the project,

fromwhich the probability of meeting a scheduled target date can be datermined.

If this is acceptable, detailed planning can begin. This will include the

assigimnt of' personnel to the activities, ani requests for Drawing Office and

,orkshop facijities and the like. A progranme for revising the ne~torks at

regular intervals should be laid dO.n. If manual arlysis has been found very

onerous, arrangements should be made for the revisions to be processed on a

computer. he computer prograrmie should be tested by running the analysis of

the initial network and checking against the results of mrnual analysis.

It may have been noticed that no mention has been made of a "PMT specialist"

or even of a PERT analysis staff. It is fatal to the whole concept to set up

an independent organisation to run PERT. There is then a tcnde.cy for Project

Engineers to regard it as incidental to the real work of running the projuct.

If this attitude becomes established, PERT is no longer a tool of management,

it becomes an unnecessarily sophisticated reporting system,

5.4 Eoxtra-mural inpleccntation

ilithin the Departmrent, this may be taken to include the use of PERT by

Design and R. aiU D. Authorities to rnage the efforts of their contractors, ayil

its use by the; contractors themselves within their owan organisation. The

principles of' ipl E.mentation set out above are equally applicable, but the

situation is complicated by the contr-actual relationship and, perhaps, by the

fact that the contractor may already be using the technique,

Because PRiT costs money, the ruquircments for its use must be made knownj

to tenderers at the outset, i.e. they must be stated in the tender docurments

If it is decided to introduce it during thu lifetime of ni existing project,

it should be incorporated in a contract amr.endmnnt. fven if the contractor is
using l°E12T internally, it is unsatisfactory for a design authority to have to

ask for the substantial aount of work involved in rescheduling the job,

when he has no contractual right to do so.



W1hen PRT is already being used by the fir, a co:ifliot may arise between the

intentions of the Project Ja ,nager, and theQ proce dures already in use. '1hl

the possibility of a rcasoilable compromise is not uxolwa ,d, there is rruch to be

said for apocifying precisely -,%hat is required of prie ard subsidiary contractors.

This point is parsuud in the ne xt section.

There is a strong argumnt for an approved~ poroce-dure to be laid down onI

an Establishment - or Doartvcxnt - wide basis, but tUhis raijses lar:ger issucs.

Wthen an othexwisu suitabla firn. has no exeiec hatcver of netviork
techniques, thu question of training arises. It is not unroasonable to ask

that the- contractor should undarta'"c tLhe training of his o;,n personnel at his

own expense, but a simpli. imanual of basic tvchniques and operating procedurd

could well be. provided by the De_-artmnsnt. An uxamplce of such a manual might

be; Appndices A ard B of this paper.

5.5 Aplication of the PERT/tIlME rules

It is the author's contention that any manager setting out to use PERT

for the firat time should be prepared to &dhe re to the basic rules set out -

in Appcndix A, Tho r.,rn who adds a few cross-linking activity linas to a

Milestone Bar Chart alid thereby i.rgL~sthat h 'has constructed. a P =-T notwvork

is not only deceiving himself about PERT, hi- is deceiving hirrsclf about his

?roje ct. His ne;twork. is unOiik,;y to 'cc a vaLid mod.l, and any analysis uill

yield misle-ad ing answers.

The- critics of the P32T algorisji. have generally ta-ken the; view that it is

an o rsi liiaion, ard thlere is somei trath in this. Tyfurthecr

simplification is, therefore3, likkely to be dangerous,

There is converse tendency; to attem-,pt to overcome the limitations of the

PE-RT technique by oxtensions cr variations of the comput ation. It is suggested,

however, that the best basis for work of this kind is exue;rienoc of thle existing

sys temi.

Another reason iLor sticking to the- rules is the desire to preserve the

coniunication capability of th, t;chnique. irdeed, the basic rules allow

sufficiont alternative2s to endanger this. For this reason it is re cor.Qandcd

that, beforc the introduction of PERT on a new project, a sot of ope rating

instructions should be drawn up3. The se would be supple~mentary to the basic

rules and would ensure th-e coheren;rce of net--rrk's anrd analyses prepared by different

contributors to the project. Such instructions have been draw,,n up by t"--- ;,riter

for use by his owni Section, aal these- are? reproducld at Appenrdix B. It is
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considered essential that, particularly in the case of contractors, such

requirements are made know,"n at outset. It is, of course, essential that they

be included in the documntation accomp nying competitive tenders, so that

the firms can include the cost of PRT in their quotations. They can also be

required to include preliminary networks and analyses with their technical

proposals, and the operating instructions aill ensure that the efforts of

competing finrs are directly coqparable.

It is intendcd that the oprating instructions ",ill be appenied to the

design aim for the project, together with a list of milestones. Theso are

events which are considered by the Design Authority to be of particular

importance, ard which the contractor is to include in his network. They may

be derived frcn the Design Authority's own nzetvork, but this is deliberately

excluded from the documn.ntation. The reaon for this is that PERT/TIM is

essentially a "bottom up" system. Imposing the Design Authority's management

level netw;ork on the contractor would place artificial constraints upon on

his detailed notaorks, and might tend to invalidate th-n. Indeed, it is
12

argued by Bovcrie 2 that a list of milestones tends to have tnis effect. In

the present writer's opinion, this is going too far. The ir-anger ought to

indicate stages during a project at which, for instance, design reviews are

required. Ncvcrthcless, the list of milestones should be confined to the

necessary mini:=a ad- no attempt should be nmdc to provide it with scheduled

dates. A target may, ol' course, be sat for the objective event.

When the contractor has completed his networks, the manager must be prepared

to co-operate in resolving conflicts betveen them ara his oyn. His realisation

of the problems may not be the best.

It mTy be of interest to exand.e some of the other rules in Appendix IBI

and the reasons for their inclusion:

(a) Procedure

fhe procedure laid down is intended to fulfil two ri-ain objects. Firstly,

to ensure that the PERT network and analysis really are prepared as a genuine

attempt to schedule the project. The best way is to insist on their inclusion

in the contract proposal. Their merit should be given full weight in considering

acceptance of tenders. Secondly, the procedural requirements are intended to

ensure that the contractor keeps his rmtworks and analyses up to date. Yxot

oaly raust he "update" them at each reporting interval, but the updating must

be carried out within the week L'mcdiately proceeding the reporting (or progress)

m eeting.
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(b) Evnt

Vletworks are to be event crier.ted. There cre two schools of thought

about this. It is often suggested that because activities tepresent what

actually has to be aone, the netwvorks should be formed from labelled activities

and that Events should merely be num7bered conjunctions of activities to

facilitate analysis. Tis contention has some appeal at the working level,

but it does not meet the requirements of the manager.

P~T/TI... is not very good at evaluating work in progress, so the

manager, who is concerned with what has actually been achieved, must look to

cahpleted events as his main source of infori.ation on progress. If events arc

not defined, as in an activity oriented network, this information is hard

to come by. Furthermore, a large activity oriented network is very difficult

to read Either the descriptions of the activities aro written along the

activity line, which makes it necessary to spread out the network, or they are

listed separately, which irnkes interpretation tedious and difficult.

In an event oriented network, all the qualitative information is

included within the event symbols. Thus the network can be sclf-containd, with-

out growi- to inordinate size. Purtheimore, it is roach easier to produce an

activity oriented analysis from an event oriented er.t;ori: than tht converse.

Examples of event and activity oriented notworks are given in Figs.A2 ard A3.

Ful]erson's rule13 , is specified for the rnrr.box i g of events. This gives

effect to the proposition tiat, for any activity, the nmbr.er j of' the end event

must always be greater than the rmber i of its beginning event. It has the

advantage that a Lm anual anasis in approxirate chronological order can

iTT, diately be produced from the netw:ork. Its use wll also autoatically

detect logical inoonsiztcncies such as "loops': in the nct.;ork. some caputer

routines will automaticalLY rank activities in chronological order from networls-

rw-..bcred in ranlo-v, fashion, but this can consix-.,, a lot of eT%.msive cou-.,ter

ti-re.

1h% rxmber of events in the contractors netw:'ork is lijited for thc reasons

given above.

(c) Activities

Under this heading in the operating instructions appear reiterations of

two basic iER-MT r-lcs. It is essential that cech activity shall be the

responsibility of one individual ".Ln the contractors orgardsatior This is

based on the time-honoured maxim t!at any anager mst heve only one bottom

to kick in respect of any one job.

___ -j
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The other insists that th e three time estimates are to be mae throup out

the project, except for dunnmy activities and for those whe'Ire a precise time

is now.-n is, advance. E.'yerience has show-.n that thiere is a reluctance on the

r art of some icrle to acknowuledge that there is any m--arked uncertainty about

the tin~e of any activity w,,hatsoever.

+ (d) Aalylis

I naulysis is deputed to the conxZactors th~emse lves. Thnis has the Obvious

advantage - of' relieving the De sign Author-ity of thne busnc-- of doing it,

*but there a-re othaer reasons. Perhaps the most imi-portanit is that the contractor

will be more concerned to ensure the accurtracy of the.P inform.ationi wh)ich is to be
analysed if he-, has t ooW;he~re aras of "i clyarise Iho will

have advance notice, ard bec able, to evaluate possible reeisbefore hie is

calleda upon to give verbl accoL~unt at a n9-ceting. bExrie.';knce in the United

States has shown that many of the fLailure:s of PERT imp,-leme.ntation have sternned

from the c~rqire-ment for P'2-2 control beinf regarded as stcmething additional to

existing, systems of' managenment wd. control. This is fatal; one ray of inducing

the contractor to imlcetP-eAT propecrly is to involve. hi-m as muon as possible

in its operation.

The: o,-c-rat ions called! for areo the. stand-ard activity-oriented network analysis-

zc~no --n ecctedl times-, anrd variances, anai a slack path analysis. As previously

c)mqpainci , the-se ma- rejadily be- derived from. the; evenit-orie nted netw,-ork, if thle

e'ven.ts arc mai t a'cly labveled. "'ithin the systecm as def inead, these ana lyse.s mray

be ptsrfonmea -aulvtithlout difficulty. M.enti *on is made3 of an inexoensave

(5 Tj*3* dollars) cs ',uin aid ofi the- ci 31ride r-ule 6c Vwich- n-y be!

used. The, contractor is not disc2ouraged, from using; sophisticated analysis

techniques but, to pre serve cohe--rnc, the res-ults of apliethe, 'basic PE-RT

formurelae are to be- shown in any case.

The intention in this section is to mnintirisQ paperwaork, a"I !raximi,,se

information. For this reason, the; re ports arc li-sited to thec netwFork analysis

and the slack path analysis, but tile font:. o." the'- ne-tw~ork analysis is so drawn

as to vive all the information thaIt could reasonably be exou-cted-: from a netw!ork.

The only mani-pulation of this data .wnhch is called f or is the- slack path
analysis. This directs attention to the critical and sub-critical paths, andt

assis-ts in finding ones myabout the netw',ork. '1o avoid re~peated redrawing

of the: ne twork:, the . concep-t of 'M. is introduced; th-is is an artific l eventi

-.Jch defneas the: situation at a re;porting dJate-. If a list of events actually
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achieved is provided, the "0'event can be transferred to an existing net-

wattc by drawing a line wihich interseacts all activi ties whic-d-h ae actually in

progress. Tho arndaysis is tha_-n rurferrmed using 'jy as the initial evant,

Thc only eve ntuality which would involve the rodra',ring of a netw~ork is a

crhange inl its 10510c.

5.6 Snmzitfallsj

It is not unznow.n f"or PftT/TLKE to be, aio'-ted by an erganisation, only toj

be rebooted6 afte~r brief experience. However, since: it has been successfully

.mplemented ele1c.,i is arguablL that the' fault lies with the users 'rh'ther

toa suggest sni conro ptfalls icnc, iaicnation- h ich ayuc acoit fs posthsele

tosgth tuhinue ±orfonl experlsince!,planre-ithen ltraurccuit is ossiblse

faodIure ,s . Zemi-.e of tjh,;m haove already been- meatier-nA, e.g7.:

(a rt bsrvngther. basic r-ules of the- tesirniquc.

(b) Creating -a sj,'cCaliscOd PER!LT staff divorced fmrr proj ct nametj

(c) Genrating unnLcessarily volum-.inous analyses.

(a) Producing a network which is either too large to be readily unde-rs-tood,J

or w,,hich car, ualy bec undorstood by refe,:rence to seaaelists of ev ents or

activities.i

(e) iJioica mana-ament 2-evel network on the more detailed natworks,I

i.e. using a "top-down1 approac. ins-tead of ti-st corre ct "bottan-u-:p" system.

(f) Neglectin- to provide an adequiate set of operating instructions(wr-

statem'.ent) for zubordirates or con)rtractors.

There are a few additional pitfLalls that ought to be mentioned:

(g) it is dang:erous to concentrate attention on the critical path in a. net-

work to th,-e exclusion ofL the sub-critical ones. The probability calculations

f or achievement of objective events is based on thne assum!ption that tho critical

pa-th is "sufficiently longer" than the, others for the latter to be neglected.

This asupinis not ofA.ten true4  1bcneriAenoe shows,- that when a netw~ork isj

rescheduled to reduce the overall estiuated tmthe reduction of the length]

of the critical path a'biest alw,-ays res-ults in tho creation of a ncw one.

Bitn-itrno, it is posesibL_ for a highly critical activity to be- on a non-critical-

path il', for instance3, the re are2 two activities of equal importance occurring ,

in par-allel, andY' one is estimiated- to take; margi-nslly longer than teot;her.

Thoi slack path analysis can be of great assistance3 in probing these difficult

areas.
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L Ryaveo14
acCrLiron and Ryavec have show;n thoortically that the error between the

PIERT-calculated mean duration aid the actual mean d)ration for a critical path

increases with an increasing nunter of parallel pathsq and with tfeir criticality.

it therefore behoves the PUIT user to scrutirse parallel paths carefully. It

shouldl be noted that cross-liking between paths reducus the error. In general,

the P1RT calculation of mean duration gives, an optL-s tic result, because the

uncertainties in the sub-critical paths arc not includr7d. On the other hand,

the PL-RT calculation tends to overstate the staren Liev-,' uo.

(h) then the estimated time for completion oV project is substantially

later than the required time, it is normally reseduled bj anplying certain

rules, which are set out in Appendix A. 'Then this is done, it is possibl- to

achieve a hi.7hly ingenious arrangement of the net;ork \,hih givcs an acceptable

estrnated duration, but which is conpletely imqpossible to put into effect. This

is because the ranager has neglected to consider his resource limitations. O'j

course, in theory, newr men can be hired and new7 equipment purchased; in practice

this i3 often not feasible or even *justified. Even if it can be done, there

will be a substantial delay before the new resource is operational. "When parallel -

paths are created either initially, or when rescheduling, resource limitation I
must be borne very such in ndnd. J

(i) It has already been pointed out that the success of PLRT is absolutely

deperdnt upon the validity of the data fed into it. It 'cllxw that all con-

cearned in the nzanagement a d or,(ration of a pro ject will be involved in th

irqlementation of PERT. They cannot contribute effectively unless the ar

adeqcately informcd of' the basi, of the syst. It follows that th_ manrager

will have to train his people, or to arrange for the to be trained by others.

Boverie 1 puts the point very nuatly: "Training of both the Programme

I,anagement ani the Project Engineers must be accomplished with authority ard

in detail, for without an adequate understanding of IAT by the, se potential I

users PERT can only hope to be an ancillary, bureaucratic fhnction consuming

time, money and energy, a coe.on mistake is to provide only a surface

presentation to top management. A surface presentation can inculcate only

a surface desire to see the systema work, and if top managcment is not

enthusiastically supporting PERT, the odds are against PERT being properly

employed,"

Successful users of PERT eriphasise the importance of proper training.

For examj l, in 1963, 670 people attended the NASA P7RT system "v~orkshop", the

highest attndnce of the NASA managc..ment training prograncee . I
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(j) PURT/TDI has been presented in this paper as a completo anrl all-

embracing tool of management up to Project ,:anager level. If it is implemented,

there is no need for it to be supplemented by less affective techniques. Indeed,

it is pos4.tively undesirable that it should. Human inertia is such that the

older techniques will be relied upon because people are used to them, although

experience has shorn t at they are inadequate. In these circumstances, PERT

will never "get off the ground".

ALn effort should thus be made to substitute PTMT infornation for the older

systems which are specified in existing procedures, e.g. th nmilestone bar chart

of the devolopment cost plan. if this cannot be done, it must be made absolutely

clear that such charts ;iast be cormilod frarn P3ERT analyses.
6 E,)~lZRIENCE WITH UK.3 DATA "t'ZLTN; PROJECT

The writer's section is responzible for the design and mranufacture of data

handling ard data storage ecripment for the U.K.3 international satellite.

Sirza it "raz of tihe utmost importance t at the various models of tis equipment

should be delivor.-, to th satellite prime contractor on the scheduled dates laid

do-,n by the overall Proj2ct 1,Manager, it was decided -,o implement PER/TI - for

the management of the developnmnt an. manufacture of these sub-systems. The

overall ,r'ag rt of the U.K.3 project e.mploys the milestone bar chart teohnique,

vith intcrdep rdricce links, to generate the suhodulcd dates for the sub-systems.

The e a cot for the data handling aquipr.nt is of the order" of ClICK, and

for the dat storagu system between 220K - P30K, so both come rwithin our arbitrary

definition of a snall projecu.

The .writer has previously pe-itted nmelf one or tw.,o generalis.tions about

the attitude of British firmf.s to P- . It must be said at this point that these

co...nts do not in any way apply to either of the contractors employed, who have

given their fullest co-operation.

It was decided to introduce PiT in February 1964, at which time the electrical

design of both sub-systeis- h'ad been virtually con.pleted within R.A.T. At the time,

contract proposals for the engineering development and manufacture of the electronic

sub-syster.s had been -Ade, but financial sanction had not yet been given. A

satellite technology contract on the agency factory of the 3eneral Electric Company

at Portsmouth was in being, and was used, in part, to support the U.-K3 work on

data handling equipment,
16

An American PERT practitioner has r.Titten "after more than two years of

effort, there are still very few, anagers who arc. willing to admit that a single
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significant decision has been based on PERT". In the U.K. 3 Programe, most of

the significant decisions affectirg the dnta handling ard data storage sub-systeps

have been based on PMT, so far without disastrous results.

6 i Data hendlinM sub-system

This consists of three units; a high and a low speed encoder, and3 a

prograner. Some idea of the complexity of the equipmrent may be obtained from

the fact that they contain a total of over a taelve hundred active devices,

with an overall component count of 2729. "Worst-case" design was used throughout,

In February 1964, the electrical design of the entire sub-system was

virtually completed by R.A.E., except for adjustments at circuit interfaces to

meet requirements which were still being formulated. An engineered mode] of

an early version was undergoing mechanical design at G.E.C., as part of the

satellite technology development. Thus, the basic circuit techniques and methods

of assembly would be proven, it was hoped, before work on the U.K.,3 system

started. In the absence of contract action, it was decided to construct a

detailed PERT model of the project to determine the feasibility of compliance

with the overall U.K.3 Programme. Th-is network consisted of 127 events. It was

found that there was a high probability of producing the flight models to schcdult

but that the short interval between the delivery of the electrical compatibility

model (D. 2), and the prototype (P.1) mi-ht give rise to difficulties. The area

of greatest uncertainty was financial approval and contractual negotiation.

Before these processes were completed, up-dating the analysis showed that it

would no longer be possible to produca the D.2 model by the scheduled date. This

led to the first PERT-based decision: to change the design of the technology

rodel, which was on the drawing board and for which comnponents had been ordered,

to the latest U.K.3 standard. Thus it could be used as the D.2 model, at the

cost of some loss of information on basic technology, The decision was justified

in that the D. 2 model was finished on schedule,

By this time, some information on manufacturing times was forthcoming and,

when the. job was rescheduled to take account of the decision on D.2, it was

shown that it would not be possible to perform all the manufacture of the various

models in series; ire. to allw for design changes after" each series of tests

on the previous models. This led to the second major PERT-based decision; to

froecze the design of the basic furrtional assapblies - or brick units - at the

earliest possible stage in the project., and to acconmodate all subsequent design

stages at the sub-assembly level. There was olf course a risk of wastage, if any

of the brick designs were proved to be inadequate. The PET model showed that

this risk had to be accepted in the light of the possible alternatives.
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As soon as financial sanction was granted, and terders issued, a party

representing the various design authorities within R.A.72. visited all the

tenderers. It was :fade clear to thT all that the Design Authority for the

data handling su'e-system wiould require the use of 'EP2 in project faiagent.

Four of the seven firh3 vi3ited said that they w.ere already usin the

technique, but to of these did not seem to know much about it. Tle remaining

t.o supported their proposals with PRZT-based infonration, and one presented

the results of thz Thll treat.ent - eight networks tog-ether with computer

print-out of the analysis.

In the event, the contract was let to on- of the two latter firms - the

Applied Electronics Laboratory of the ' eneral Electric Company, which is a

Government Agency Pactory, anda the responsibility for detailed networking was

at once handed over. Their first medal was rejected on the ground that,

although the critical path contained eight weeks of' slack, the variance was very

hi.Lh and the model did not allow sufficient tir,e for the insertion of design

changes, steaming from cotopatibility and enviropinvntal tests, into the later

models. accord model was thin prepared, at this proved to be satisfactory.

It also hccod, as had the .A.. npetwork, that there was insufficient time

between D.2 and P.1 delivery dates. This situation was aggravatcd by a require-

ment for a model of the sub-system to be provided for an early series of heat

balance tests. For various reasons, it had been decided to rranrfact-re an extra

equipment for this purpose. The J..C.] neork and analysis show;ed clearly that

the strain on resources ixr.posei by the introduction of this equipment would

prevent P.1 cquilm-nt being delivered on schedul,. it was therefore decided

to delete this model from the progranrw: and to refurbish the D.2 model for the

heat balare tests.

A further difficulty arose at this time. T,;o of the sub-syst=.s of the

satellite, the data handling ana the pokyor supply electronics were to be

constructed by means of welded interconnections. The wolding was performed

using spccialised equipment in a controlled atnosphere. This mda it impossible

to increase the capacity of the welding facility without capital expenditure.

The construction of P7-RT models for both thecse sub-systern-s provided a clear

case for the approval of expenditur2 to inmrease the capacity of the wzlding

facility by 75 per cent, and for the introduction of more efficient utilisation

of the existing operators and equipment. They also provided informnation on which

the U.K.3 Project Marager could base decision on the priorities to be observed

in allocating resources up to the P.1 date.
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A useful practical point which has emerged from this work is that, where

there is a series of scheduled dates to be met in the course of a project, these

dates should be used as the objective events of a series of networks. This has

been shown to be easier and more useful than attempting to draw a complete

detailed neat.ork for the project as a 'hole. The detailed networks are, of course.

lin<ed by anagem-ent level netwrork to reflect their intedependence. Figs.5 and

6 shv the anagenment networks for the data handling equipment on Ist January

and 15th July 1965 respectively.

6.2 Date storage

The data storage sub-system for U.K.3 consists of an endless loop tape

recorder. The principal design constraints of this equipm-ent are high

reliability, low power consurnption, survival in the launch cnvirorr.,ent, and low

weight.

In February 1964, a basic tape recorder design had been established and two

prototypes had been manufactured in R.A.E. A contract proposal for further

engineering development and 7anufacture of vroto-ypc and flight models had been

put formard, but it was in the same state of stagnation as were the data handliMg

contract proposals. Consequently, an 80 event detailed FE2T network for thne

further work was dra7.;n up in PL.A.E. This established thiat co-,pliar-e with the

U.K.3 overall progr-mmie was fcasibic if' certain risks 1cre te.en. These

involved, f r example, the cor=mencc;nent of asse.bly of model P.I before

nompatibility tests of D.2 wore complete.

The contract was let to the Atomric .,'..-avons Research Eistablishument, and work

co=nced in July 196,[, The contractor's personnel concerned had no knowledge of

PIT whatever, but were willing and ready to co-operate. An 86 event ritwork

with delivery of the D.2 model as the objective event was jointly established.

A. J.R.E. suggested that, as the work had a manufacturing rather than a develop-
ment bias, single time estiriates should be used. Because of the experimental

nature of the PERT implementation at the time, this was agreed. It must be said

that the sii.gle time estimates wer- not noticeably more accurate, in the event,

than estimates for other parts of the prograrme. For a small network such as

this, the saving in estimating effort was negligible and, subjectively, it is

felt that the use of three time estimates would have marginally improved the

accuracy. It must be- said, howevr, that this exercisu is by no means conclusive.

P=T has contributed to the m-aking of several decisions during the

development and manufacture of the D. 2 model of the tape recorder, which was

delivered on schedule. Perhaps the most i.portant of these were decisions to
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obtain alternative clean room facilities at A.W.R.E. because the room which

was to be constructed for the assembly of tape recorders would not be ready

in time, and to reduce the amount of testing to bo applied to the D.2 model.

A further detailed network has been constructed by A.W.P..E. for the P.1

and R.1 recorders. A nagement level network for the v;hol project was

constructed at R.A.E. It is significant that, in this e:unriple, F1flT/_L- TII

has been inKplemented successfully by a contractor who had no previous know-

ledge of the technique.

7 DERIVATIVES OF Th3RT/TIVE AID C.PIA.

B ltention has been made cf certain limitations of the FMT/IMU technique.I

Both PRT anrA C.P.1. are products of Operational Research and, since their

introduction, other practitioners of the art have been busily engaged in

exposing these limitations and inaccuracies. Others have been seeking to refine

and extend the basic natwork tecliques to overcome the . A comprehensive

roview of these activities is outside the scope of this paper, but it has been

thought worthwhil to nto ke brief mention of those n:ost likely to interest the

reader, and to refer Ihim to the source litcratur for further inforation.

7. I Computational variants
7. 1.1 '.onte Carlo: methods

The basic P IIT a-g gorisr, turns the stoc'hastic PIIT network into a

deter ministic one by making an assumption about the nature of the distribution

of the activity durations, and by i-.aking an approxiration to deteraine the mean

and variance of the distribution. This approach hss tlhe advantage of arithmetical-

simplioity, but it ic not "ithout error. In this paper, attention has been

dravar, to knowrn sources of error a.- it has been suggested that the ranager's Own

Judgement can supply the necessary correction.

!ong others, Van Slyke 
1 7 

has suggested that the errors could be avoided by

use of Monte Carlo simulation. By taking the mean of some thousands of samples

of possible project durations (the distribution being deteaired by the probability

functions) it is possible to achieve a much closer approximtion to the true mean

of the model. The accuracy achieved can be irnreased by increasing the nuber

of samples.

If Van Slyke's methods are used, an exceedingly useful by-proluct of the

comnutation is available. This iz the probability of an activity being on the

critical path. Toe disadvantage of Lonte ":xlo Tethods is that they deperd on the

availability of a pow-erful ard fast computer to perform the many thousands of
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calcuiLtions inviolved. Thec manager in the engineearing field may also feel that

he needs an Operational Reerhscientist to drive the carputer.

7.1.2 Decomposition of' large networks

If thec reade r ignores the. advice g-iven in thio paper aid generates a very

large network, . he w.ill undoiutedlv... fid it difficult to analyse. It miay even 'be

beycri thLe storageo ea-acity of ,Aest cC,_!pUters. The technique reconniendecd by the

pundits for dealing withr' thec situation is to decompose the. large net,.,;r into a

number of small ores anich can be individuallyv analysed, and thein to regenerate

the original netwrork from the- res:ulting data. This can be achieved Cu-ite

readily by "eat and try 1 athods, bout formal proce~dures f o.' doing,1 :o have been

proposed by Parikhm an-d Joweil amiong oth~ers. Theyda o nl ihtm

ne. -tworks, but rih ttment.-erks such as C~.*and FE-iT/OST.

7.1.3 An electronic analoire

R. 3. S3arker 2 ha-,s suL-ge:sted thiat an elec tronic analosnie of aewrk might

usefull1y bLridge" theC gEc 'between !iarital analyirsi wich is suitable for sm-all

netwo,:-cs ean e'lectroni c com,.ptatien.- which is,- really only justified by quite

large ones. In his, proposal, the: actvywul be rceresent ed by a itionostable

trger circui-tihadjustablec ti..e constant. Conjiunctive eventscudb

cL~alatod by sitches driven. by 'ista1les with .ed only opeorate when pulses

had bejn 1k1fro:-. all _-; ircuits

Thnis intric-ijn.-t suZ'v tin :s --roat attraction' for the. electronic engineer.

It shoula c posible to eor 'rn- an anacaler-c -Lor a 100 event networkc for I
thc Coe. ::I that eQ 'n1-tl-r- -'ra nt-oviri tarpoga Like- theO

copute", o 'id be us z c - nD- er-. t- erk (if ~it .bl -rt chYing f acilitie wreU

provide~d); but, unietheeouer-rnnc coistsoul beneiibe

7.2 SIFT/C-_AOST

,n that PT/IIfailitates the contiznuous ernpleynont of resources and the

elimin-dation of duplication of e ffort at interfaces and elsew ,.here, it contributes

to the reduction of proje*,_ct cost as vcil as proje;ct ttrne. HTowever, when
20

':alc olm -Pet al decvelopecd PERT, they delibe-rately- excluaded cost (or re sources),

anid syotat5. pe rfLoxmance from ther-omideratien.

Thus, whn. -,P/TP mws first introduced!, cost control wv:as carried out

using erlie techniques;, notably the cuuaiecost curve derive:d from milestone

cherts. Ins thlis technic-3u-_, the.- en ti-rated euzalativel cost of the project is

plotted aintti;!e, anal nilcstorn.s rer marked on, thec curve . Th,,E; act ual,

eswlaieCost is r,_l~tted on thec same cee of pap-er arid, providing that aotual
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oost does not emeed projected cost at the moment of achievement of each mile-

stone, all is assumed to be well. It is not difficult to envisage a situation

in which, because of slv progress on work contributi:g to later milestones,

a model of this kird would give a completely irisleading picture. imilar

curves are used ii- the PLRT2/COUT syste.-, tut a third curve is drawn to show
"value of work perforned" (see Fig.7).

PELT/COMT imposes the disciplines of =HT on the planning and control of
expenditure. It uses a network in which the activitics are "work packages" -

which are individually estimated aid costed. These packages are frequently

fon, cr by grouping together activities in the PLT/TI, network for t-e project

which are related in the nature of their work content arnd in their direction

to a defined subsidiary objective. The PERT/CO2T network can however be
completely independent of the PERT/TI2, network, so long as the subsidiary

objectives can be clearly defined. In eitl' r case, the PRT/COST net.ork should

include work packages for such activities s direct supervision and project

emanag msnt, urless these are covered by dverheads.

The size of the work packages is largely determnined by the requirenent that

the ativities in each package should_ be of' a similar -;ork content to enable them

tq be zoparatcly costed. It night be logical to include laboratory asselrbly in a

package to et.... -aith machine shop time, but such logic is unlikely to appeal to the

accountants. The other factors are arbitrary; the approxii-nate value ard the time

for completion of each package./ These .-iill tend to be related to total project

cost and to cost rtporting' inyerval in the sEa2e sort of way as activities in a

PRT/TEr net.worork.

Unlike 1RT/2.! 1, a nV:ec-ardsm exists for evALuat-ng work p.r greSo on

particular package. This parameter is "value of work perfozr .ed to date". his is

given by the foru..ila: ,

Actual cost to date x Original estimate for
complete packa,7e

'Value of work (performed
Latest revised estirate "

This information can be displayed on a "cost of work report" which is analogous

to the cu-,ulative expenditure r ports of the rilestone system, but contains more

information (s .e Fig. 7). This report may be prepared for each work package or,

more usually, for groups of packages - sometirres known as eni items. If the

size of the project justifies it, a whole fa.-nily of reports can be generated for

different levels of management, i.e. in different degrees of detail. This is

analogous to the levels of indenture in the PERT/TE-' system. The inform-ation

supplied to each level of management includes the follwing:



(a) Original estimated cost of work peformed to date,

(b) Actual cost of work ',arfoxmed to dlate.

\c.) Cost nver-;.Lir., or Urdcr-run,

Ori t rana1 cstiutC_ f or total cost on cot-pletion,

T., I ' St rei- siate for total cost on co.-ple ti on.

(fi Tro ~ected. over-run, or unesr-run of total cos t.

A3 it PMT/TL:, the value of rT27T/CO.J is absolutely determined by the

validity of theI infcrrnation fad into it. It mi-ay be necessa-ry to alter estimrating I
and accountin.- proceaures in order to achiceve taiz.

The foregoing- i3 a necessarily inaduq'eate 2iiary of PRliT/CO7ST, vihic1, is by
no~~ ~ aen So T'2± -7u~ete as_ t.T/P3 Lst uasef2ul refer rnco is pl-obably

Lh 0... and '4.AS.t*PR/>S ud 2  This was int,:nded by it-S originators

as an ex-pcrimen ztal s~ys-tcm, lut it has bocore- a-n acce pte d sta-ndard.

An attempt was maeat th.e reqaest of, and in co-operatiorn with, G.;W./.S.A.

Pro.Ject Costs to ap :Iy P'hT/CCT to the U.K.3 Data Llardling Mu-yse.Te

rmnaaf ement level PR/f netwvork vlas suL-divided into P'L packaras of

meinvalue, J'1O&20. Urnfcrtunately. th-oe c-! ,,;a~ wre too swalfor- the

contractors' acountinc- systc-n to hade -in. the systmn wajittdb h

A.gency are~ctbetweenci thoc firn an! the- desar- nt, it asnot possible to

rnoiif'y it. ThiAs is 71entioned to stress the ocint th~at th' ntrducio of

zoohisticate d systems - of proj-ect control nystand: or fall on the wildlingness or

ability of t.hosc couse-ned to alter the ir exiztin.7 uroccd~aroz,

7-3 L:SS3 - Lcast Co St Estimating aind zclneJuling

This5 is an network based tochniq~ae dari ved from C.P.1,1. Its puarpose iz

Obvious,

7. L I-h- Proran-me reliabtility Infri-aion syzteni. for nccm zment

Thi.'s is an attao'rpt to evaluate t1h. third of the- variables considered

ori;;:inally by the Ii'/Ti toar-. - technical performance, Like PERT, it was

developned foi- thie U.S. Navy Polaris rrgazand it3 -., thods are de.rived from ]
P]y:.jT. It u.,cs t-;o -rree~intoasares of re'liaaolity:

(a) TRV1 -reliability maturit-T i-eex

'_his is doscribed- as "a -m.eazure of co!-liancue with th icl.anned rvlialbility

activit-ies in thec d-3velo-meunt porsc~"
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(b) PmI - re-liability perfol-Irance mcczu-re

This is a prtelicti-on of teeventual roliabill--ty of the equipment concerned,

which is continuously revised throu~hut the, dovolopant process.

The author has been able, to'fiiA practically no mfc. lished irforrsation about

PIUS>', bLut- the11 objective3 is no ine.-ortant that fur thor ef"forts will1 be- ms,2-e.

7.,5 R LCR.T - Resource allocatuion 'an; i -etshlla

This tchniq-uQe is tLced on YEA? ar ,1 CP.!. Its objeoct is to ajilccate

resourlces - i~e* neon'le, facilitie-s, nraterials a-id finarce!, amiong severbl projects

according to a defCined managemer.-nt policy. Such a policy might involve coi-pletion

0of one or more projects in the zshortest time, completion of all projEcts at

miinimumn cost, continuou emo,,lovmrrent of labour or facilities, or some con~bination

of t'hese. Th1e system w,.as de-vised by 021?LIR io, ,&nid is quite fully described in

reference 22.

7.6 Tedecision box rct.-ork

All the prct m-Jcet tecl.niouc s hith.erto described azswc s;uccessful

completion, not only of th.,e project, bout of each activity within it. In a research

project thi's s ituation. is unlikely to obtain. L1ven in a developm-ent pro.je-ct a
lineof ttak i a iffcult area ray prove unfruitful, and an, alternative m-.uzt

be tried.

The apn-,lication of rnt--.ork techi,-caues to this; situatLion w-as first considered

by -isner 2 3 he proposed the dlb (Decision Box) netw-,ork.- This allows the use of

alternative -oaths to achieve- thei- sa:ne ob,,ject. Th1ese m -ay be conjunctive - if they

are both to be attemp. ted, or iisjurcti-*vo if only one is to to tried. The: alternative

paths may :.ncrge to arrive at a known- and fixed ob jzotivu-, or £>re Da eseea

possible outccomes:. If the Latter is the case, Iisnr' odIel allows the; proba-bi-

lity of each outcome occurr:ing; to be- calculated.

In a recent article2 Scott ana Ecpkir2 stress the danger of a-pplying PERT

and O...techniques, as they stan-., to projects w-,here the:re is a sub stantial

elemnent of riskc that parti-*cular- activities will not be: com-.pleted succtessfally,.

Tetoo, suggest th'e use of alternative paths in netw-ork-,s assigning -probabi*-;-

lilies to each. The~y also alib.' the. use of' "recursive loopos" to accome.-.date the

situation when an activity has prove~d to be unsuccessful, and the job must be

triedi again a different way.

Some such extenion of the basic PER'-T : -.ee ould unilcubto-ly be of value

in the,: ranagenr.er t of rcsezarch and rrdg-ht also be aplienbl- to iiorc advance~d

aeveormnt rojects.
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8. 1 The basic techn/ique is an effective modelj for managemenrt of' small

projeocts. i'ts def iciencies can be ai.u..cid f or by the,,, usc of huma,-n julgowent

beeco~s tu-e scQale, is sa

8 2 Since P /T a-nd its vx tearc' by, fLa th.e :d-ost commenwyc,1- usedtehnqu

of hei kini, it iz a coc-nunicati on"anag.

8.3 _F Tor succe -oss3ful ba-r] oeta tion, s OF!-, tug a 1 pproa ching- a n act of faM th is

rcc-irc: - eels ~ ua zes be abn121, ud project rargm-n Ifst

operate the tool itself, it sh)ould not lbso delegatcd to a suecialisit gro-upD.

8. h It is h.,ighly Qirlethat thel procodure to be ardoptad ,, 1oul3 1-e clearly

established. An oxamnie ofL such- a procedure is shlown in Anpandix U,

8.5 ITt is too seen to at;leiyt to exa.n.te the offectivcness of P3' t I3as

apuflied to the U2QK Data %Irlnand S3torage Sub-Systemc 4. It is riot suggestea

that tte decisions aaewithL th-e benef'it of PERT would not 1-iave been, ma&de without

it, 1cwever, they were ma,,Pde ea-rlier and,' w-ith- more confidence in the oultcc'se than

would oti crwisp hiave tben the case, v ozjunl ere- m;ore effective,

8.6 Wij-e it. is suirested that, for iitial imnlom entation, the~basic rules of

PEI'JtIL~ should be sih~erel to, th ere is no, doubt that farthe a ..eacynnts of

the tecriindc are esira~cle0  inl par i 0 ular, teclhni-ues for cost co-ntrol such as

Pil/O U.and perftxm~fnee and re'lability predictions suach as 3PRISM are ncclded.

Aohrarea w refu"rtlher -woflh .sre13 e is the-- research- project, inlwic

the cutearme is in 0oubt. A techniq ue along the Ilies o-' the Aeciz ion.4cx network

is nee-ded here.

8.7 There is no doubt that the use of' rat'razantied. and cyberr.e Lie rnmale2, InL

manageme-.nt is arowixv-. Alread~y -oeees oar- c-rz ono- e and ofstc

narkeots a-re being conz-tructed. Secrious consideration is beingc c iven to mtels

of a nation's entlre econom--y to rmao e 5. t possible to dam--p out the altarna-te cyclez

of boom az-i recession. w-dere may b a place i rmanagczref ,nt in the futre for the!

mtan who declines to coreidea- the use GJ.' thzes:. techt-ue-s, but it is lieyto be

'hY uto wish1es, to acknoniledg the encourage-manrt and f orbearance of
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A.1 TLIC basi ocp

Ph?.? is an- aconm or Brogra;-rn-.e Evaluation andA Revie-w Technique, Th-e

mecnanism of its evaluation and review processes is a model1 of the prcgzramre,.

Thnis miodzj.l can be described as a log-ic diag-ram,, flowa cha-,rt or, more usually,

a network, The techniique incQlude-s -procedures for aralysi ag the T.odel to

establish time rel!Aionships between d ifferent parts of tChe progrmme art-, in

particular, to estabIlishl the se,cnce of activities whNich determines the total

tj.T,, taken for i-ts completion. This is the "critical1 path,", The toubnid~le
takes account of uncertainties in ti.nae-scsi e, such as may be encountered in

researcl- 0Lnd develop)ment projects. _

IfT this -;valuaticn leads to a -viabi' plan ±for the Proje:.ct, the progre:s

of the plan may be reviewc;-,ed by the teehiwBi. This is achie-ved by "ar-dating"
the, model, i.eo. duletingE past happenings3 and xevis-ing( estina tea, at regular

intez-vajs, fl-o!n analysis of the up-dated model, it is possible both to reviewI

progrecss, and to predlict --reas of difficulty wihwill jec'rardise the project

Ths r'erixdescribes itheA model,, and~ its -rcociures in chron-ological order,I

ie. th,.e or:der in which each 'would be met in implementing the technique.

, 2 2c'rk breakdown struc-ture.
In all 1ut the smallestA pro jacts, there w..ill lbe several levews of menagexant

ari super zision, and eachi will wish to operate to its own particualar degree of A

*Aetail, In the P:RT model, t6his fact- is ack'ncaflcdged by breaki-ng- dav'm the totalj

work content of thle project into tasks ar 'lend-items" at different degrees of'
detail o'r "li-vels of indenituxe", The result is clisplayed! as a family tree whioh,IJ
itsef~siei nit nees rilyrelted tCo the orgaonisational family tree.]

rfl exa:A.A.e of part of a wocrk bre-akdoo.,n struacture is given inFiA1

Itl is eiiscnti&.l that, before the work brenkdo'. structure is establis7hed, the

objc ctiJvcs cf the- proje1-ct are dufirned, cle-arly and in. detaLil. It will then. be

ocsbefor the obje;ctives of- each task to be definsdA with equal clarity. The

next operation is to conrenct a model - or nstw,,ork -for each part of the

pro J-cL at the lowest level of indenture,

Te utokis a chart cei-p3,rod of two s .c types of sy .Tol; activities

pand events. These are defimd as follovs:
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(a) Real activities

These are the time consturing events of the project They represent real

work axf involve the enploymrent of labour or resources, or both. I
(b) ~activities

These are constraints which, while not themselves cons-Lu-ing tr.e or

resources, nevertheless govern the logic of the netsork and the achievemrent of

objectives. An exanple of such duniy activity would be the undesirability of

conmencing the mechanical design of an electronic assembly until the circuit

design was cormpleted. In addition to such naturally-occurring d'unios, artificial

ones are sometimes introduced to nake a network easier to decipher.

(c) An event is defined as a distinuishable, una:.bigucus point in time

that coirnides with the beginning and/or end cf a specific task or activity,

The acnieveme-nt of any event will be governed by one or more uctivities, and it

will initiate one or rore further activities. The initial and objective (last)

events in any network are obvious exceptior to this rule.

(a) Interface events are those which simultcneously form, part of more than

one network. An exanzla of tl-Lis would be decisions on interc-angability between,

parts of a large syste-

It will be noticed that no mention is mado of interface activities. The

reasons for this will become clear as the description proceeds.

The univcrsol symbol for an act.vity in both YLRT and C.P.M. is the arrow;

dumr my activities are sacr3timfs distinguished by dotted arrws. Various symbols

are used for evonts, but they all irvolve an outlined awica in %J1icl inforiiation

can be written. It is usual to distin,-uish between interface ard ordinary events.

The F3.sbols used in this paper are show,,n, with a key, in fig.A2.

It will be founi in practice that a valid ;odciof any project, of which the

eventual outcome is not in doubt, can be constructed by connecting activities

an-d events togother to form a nrtwc3rk. This statement is subj2ct to the proviso

that the following rales are observed:

(i) Sach activity must have, a d may be defined by, predecessor ard

successor evonts. In the same way, each event must have one or more preiecessor

activities anI one or more successor activities, except for tZr initial arI

ob jcetive uvcntz,

(ii) io activity nny coiu.wonco until its LCred.clCsor event has beon aclxevc?

Similarly, 1o cvent is achievcd until all its predecessor uctivities have been
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These two rules govern the logic, or as some writers will have it, the

topology of the metvork. Their Lr.portanre cannot be too greatly stressed.

Arising from ther there are further procedural rules:

(iii) No event may be followed by a series of activities which lead back

to the sane event. This logical fault in a network is known as a "loop" and

it is illustrated in Fig.4, Although the example shown ray seem obvious, the

formation of loops is by no nieans unco,"anon in complex networks.

(iv) It is not pcruissible to define two concurrent activities by

reference to the same predecessor and successor events, even if this would be

an accurate representation. The correct vay of handling this situation is to

introduce a third event and a dunny activity as shon in Fig.A.

(v) A single event may not be used to initiate successor activities which

are not dependent on all its predecessor activities. This rule is illustrated

in Fig.AS; in tis .e assme tat activity 4 is depenientnt on both activity I and

activity 2, but activity 3 is dppcnnent on activity I and irdepenint of

activity 2. In this situation Fig.A5(a) contravenes this independent activity
rule, but A5(b) does not.

(vi) No real activity Tray be shown as r.ore than one activity line in the

network. One solution to the problem which arises from. the situation soan in

Fig. A6(a) is an optional rule w, hich rcqaircs each real activity to hzve unique

predecessor ard successor events. The application of this is shown in 3ig.A6(b),

in whdch two ducm.y activities have been introduced. If the rule is applied

throughout a network haacver, many unnecessary druxzy activities arc created. It

is usually considered best, therefore, to confine the use of unique predecessor

ar/or successor events to those qituations wrhere rule (V ) requires it, or where

irncreased clarity of the netw,,ork is obtained by its uso.

Once the initial event is achieved, i.e. after the progrwime has started,

r~ule I may still be observed by using an artificial event "NO", as the single

initial event. As time goes on, NC' succeeds each event as it is reached.

Netmrorks may be event-oriented or activity-oriented. The difference lies

in the way in which the activities are defined. In an activity-oriented net-

work, the activities are defix d by giving thuir, a plain lan uage description, and

events are merely mmibercd conjunctions of activities to facilitate analysis, as

in Fig.A3.

In an event-oriented network, the events are defined in plain languaga and

numbered, a'ni the activities arc dcfined by quoting their predecessor end successor
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events, as in FigA2o For management purposes, the event-oriented net,.ork is

usually preferred, although at the viorking level, there is something to be said

for using the activity-oriented n;twork.

Both types of network may, with advantage, have the nubers for the events

determird by Palkerson's rilc. The procedure is as follavs:-

(a) Nunber the initial or starting event "1'.

(b) Delete all the activity arro.-s emerging from the numbered events

(i.e. "1" in the first iteration). This will generate at least one new initial

event.

(c) 11umber all the new initial events 12", "3Y and so on, in any order.

(d) Reiterate (b) and (c) until the objective event is reached.

The use of this rule will automatically deLect logical inconsistencies in

the network. It also makes manual analysis much easier than if the rxuers I
were allocatd in random fashion,

A.4 TTme estirrates

Wh"en the net.ork is corplete, a time estirmate is made for each activity.

hen the time is known precisely in advance, this is stated as a riober, usually

in units of veeks, to one place of dectmals, In a research and development

progrn.is..e such estimates are usually confined to dur-my activities ;wh1ich are, by

definition, time zero a-d, perhaps, procedural activities.

For all other activities, it is likely that som.e urncertainty about their *1
duration will exist. This imnay be exoressed statistically by corsidering the

activity as a distributed variable. The range of each distribution is determ.ined i

by optit-stic and pessimistic esti Lates, and the -mode (or teak of the probability j
distribution curve) by an estimate of the "riost likely" duration. These estimat S

are given the symbols t, t and t respectively. An illustration of threep m
possible probability curves is given in FigA7. It was decided by the origirntorz,

of the technique that, of the known probability distributions, that which most

nearly fitted the practical situation v."as the beta distribution, The mean or

expected value of this distribution is that ;which divides the area under the

probability curve into two equal portions. This is cailed the expected time - te,

The probabilities of conpleting the activity earlier or later than t -are eqaal -
e

at 50 per cent.

Thu rigorous ctlculation of the value of t0 , and its standard deviation,

would be tedious. However, a s imslifted arit - ritical approach is used for PERT

calculations. The exoectcd time is defirmd by the formula:
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t + 4tm + t
t =P

e 6

and the stan-dard deviation is defined as one sixth of the range. In practice, the

variance (square of the stanidard deviation) is a more useful quantity since it may

be added arithmetically along a path of mny activities to give the variance of

the expected time for the wholc path. Thus, the variance is given by the formula:

0 ( ) -- 6("

It may be said that the proof of these formulae has been the subject of some

controversy, but they may be regarded as empirical rules which have been applied

successfully. Anpendix C describes the PERT model of an activity in more detail.

It is assumed that the estimates w-rill be nrwde by the parson who has most

experience of the typ3 of activity concerned. It is therefore necessary that

each of these persons should be given a clear definition of each of the three

estimates. Statistically speaki g, the optimistic and pessimistic estimate can

be defined as each having a I per cent probability of occurring on any one occasion

and the most likely time is the mode of the distribution. However, this informia-

tion is of littl use to those unfamiliar with statistical methods. The following

definitions are therefore suggested:

(i) Optimistic esti-reate t
0

The time that will be taken if "everything goes right" - i.e. if exceptionally

good luck is experienced.

(ii) Most likely time t

T1he time which, in the opinion of the estimator, is the one which would occur

most often in normal circumstances.

(iii) Pessimistic time tP.

The nmaxirm time that the activity will take if "everything goes wrong".
"Everything" in this case excludes "acts of God" - fire, flood, tempest, etc.

W:,hen time estimates have been made for each activity, analysis of the

network may begin,

A.5 Analysis

The first step is to detenudne the expected time ar d variance for each

activity. When this has been done, it is possiblu to calculate the cumulative
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expe cted timec T- ana the ounalative event variarneo 2 (Tr) fo fal h

rnet-work by adding heindividual extected times5an variancesoialth
activities along thu longest pathl to it from the initial event. The next process

in the analysis is to re-rforn-. th-is ;alculation for each event.

The uwitv eXioc time for the, ob jective eve)nt wilbe the best

estiv.-ate of the , f) or eanrletir; th -etire proj 3ct. This may, of course,

be earlier or later th-an thie schedule-a, or reqai!red, time. Theouulatiwe

variance wiill give an indication of the probability of ach-ieving this date.

The next stzp is to take- the so1-cduled time, if there is one, or otherwise

the0 expcte-d trsasB a starti-ng point, nod to wor-k backr-VIs thya ath the network

to calculate the latest allow.able time T- for each event. This calculation is
L

mrade in exactly the s-ame wamy as the orar pass through thu network; by adding

togethe;r the expected time.s of the activiities on the longest path fra- the

objective event to the. event concerneda. cum-r-ulative variance of T L can also be

coxi.pute ,d if re~q~ired.

The rnt ste-n is to deduct thue cum-ulative expe cted tiime from the latest

alieaul tim, tis ives the "slick" for each event, that is to say the amount

of' time by wihthe: event -ray bc- delayed wtotaffectin:r the sehejlled -late

for -the entire project. Slack ma b positive, zero, or negative. If it is
negativo, the .:c may 'be- e-nr:eoted to over-tmn by this amount. The path
throuci he netwmork -.ith the smallest amount of sla-cK is called the 'Critical

path", it is this path that deternmes thec ove-rall tt-resoale for the proj tot,

and it is oly by shortoidn this path that the. end date can be brought forward.

It will be seen Vc at te rikuicof~ this analysis is very simple. It can

howev.er becoic e-z2i t~uci: ~.e:;t:r a-d it iS U-sual to use an

electronic coimputer for tecse: ncAU. eorne ofup to one or tw..o hurdred events

however, mariual analy1.sis is quite feasible and an exanple is given in Table Al,

in which the netw,:ork of ?-ic nre Alis ainalysed. Tabcle AlI is an activity orientedI

analysis, and it wilbe noticed thfat it 'nnsa oen -,reduoed from an event-oriented

ne twork. It is cossibla to -Produce cwent-ori-cnte'd analyses,, in greater or less

det-ail for different levels of maniag ement. it is usual, hcwever, to base these

on the activity oieted analysis at th."e lcw,,;st level of indenture. Another

useful renrmtatien of these data is the slack path analysis shown in- Table A2.

This merely rank s the various paths througn. the netw.ork in order of increasing

amounts of slack. it directs the manager' s attention to those parts of' the net-

work wrhich mawv nced his attention.
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It may assist the reader to assimilate the analysis techniquie if we

consider the example (Fig.A2, Tables Al arA A2) in more detail. The network

has been iirbei.,ed in accordance with PuL:erson's rule, so we first list the

activities in ascerding order of their predecessor event nubers. It will

be noted that the event descriptions have been chosen so that deduction

of the correct activity description is easy. To ensure this, the "unique

predecessor and successor event" rule has been observed where necessary.

When the activities are listed, we calculate the expected time te end

variance a 2 (te) for each in accordance with the formulae given in A4

Thus for activity I - 2:-

te 1 + = 2.1 (to first place of' decimals)

and

- 2 3 0 3 o .5 2
2 (t) - 6. 5 = 0.0625

for this purpose, 0.06 is near enough.

These siple calculations are repeated for each activity in turn. 2l
The cimualative expected tie T,: and cinulative event variance a2

are then calculated for eanl, (sucesor) event. Thus for event 2:-

E = 0 + 2.1 = 2.1

T2 (,) = 0 + 0.O6 = 0.06

andA for event 3:-

= 2.1 + 7.5 = 9.6

o-2 (TE) 0,06 + 1.36 = 1.42 .

The calculation is always made for the longest path through the network

to the event concern.ed. Where alternative paths exist, e.g. event 12, (solie-

tines called a backazard node), they are each exrined in turn. In practice,

this merely !-cans that the expected tLme of each activity, for which it is the

successor, are added to the cumulative expected time of t.e respective pre-

decessor event:-

S ____
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T,, (Eventt 10) + te (Acti-ity 10- 12) 21.1 + 0 21.1

and

Event s) + t (Activity 8 - 12) = 18.8 0 = 18.8

Thus the largest path to event 12 is through activity 10 -12 ard this is

in-dicated by circling the appropriate T..; thus ,1" t is this valu,,e, and its

associated variance, that determines the T_ ana variance for event 12.

When this forward pass through the net,.or2k is complete, a bacica;ard pass is

made, using precisely the ssn.e technique, to establish the latest allowable time

for the completion of each activity. in practice, most people find this

pass more difficult, presumably because they are working from right to left and

from the bottom of the paper upwards. This difficulty tends to ease with

-experience. -In-our exnr,le, the scheduled time T is 42 weeks and this sets TL/

for the objective event 20, Then: /
/

TL (Event 19) : TL (Event 20) - to (Activity 19 - 20) = 42.0 - 1.6 .4,

mere an event initiates more than one activity (forw-'aru node or burst point)
/ ,

the situation is analogous to that of a backwvard noe on the forw:ard p~'ss, in that
/

it is th~elogs ahfo thobetv evnwhcdee inste Tufr

event 2:-

TL  ;t (Event 3) -T (Activity 2 - 3) = 11.9 -7.5. = 4

T, = T, (Event 4' - T (Activity 2 - 4) = 23.2 -,5.2 = 23.0

so it is the path through Event 3 that determines the TL (Event 2) and T (Event 3)
L

is ringed to record this fact.

It is possible also to calculate T, by adding the variances along the

largest path fro the objective event, if this parameter is thought by the

manager to be useful.

The final stage of the analysis is the calculation of slack (TL -TE),

thus:-

Slack (Activity 19 - 20) 42 - 39.7 = 2.3 .
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Obviously, if TE is greater than TL, the slack will be negative and this

indicates that the project, if carried out according to the netw-ork and time

esti.ratez,has 50 probability of overrunning by this amount of time.

The slac& path aralysis, given in 'Table A2, is simply a matter of listing

the events which relate to each successive value of slack in the analysis arl

checking to see that the list corresponds to an actual path through the network.

The path with the least anount of slack (critical path) is listed first. If

any subcritical path, taking into account its cuulative variance, approaches

the critical path in length, this fact is noted.

It will be observed that the irdividual or departnent head responsible

for each real activity is listed on the analysis. The value of this is obvious.

The amount of slack in the critical path and the variance of the cumuulative

-- expected time for the objective event will-give an indication of the probability

of achieving the scheduled d-ite. A quantitative value for the probability of

doing so can, howover, be established. It is assuned that, where there are a

substantial niumber of activities on the critical path, the distribution vf the

possible total elapsed times for the path vill approach the nonral (syametrical)

distribution. This assumption is based on the central limiit theorem, which holds

when there ara a numlber of activities (e.g. more than ten) and their individual

distributions are random. The probability of -neeting any scheduled date is

fourd by expressing the difference betwNeen the scheduled time TS and tha overall

expected time T E in terns of the standard deviation:

TS - TE

The result is compared with a set of probability distribution tables to give a

figure for the probability of achievinE T,. As an example, we may take the

figures from our sammle analysis in Table Al:

42.0- 3.7 +1.3
2, 23

Probability of achieving TS = 84.8,-b

It should be b-rne in mind that, both the total expected time and the variance
a d probability figures are based on the assmption that the critical path isI

"enough longer" than the parallel paths for the latter not to affect the result.
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If there are parallel paths with slack which is only slightly smaller than that -

in the critical path then these calnulations will give otirniistiQ answers. This

optimism i.3 in addition to the slight optimistic bias which has been found to be

inh-3rent in the techniqUe.. Me.thods have been suggested for avoiding thtese

errors, but these are outside the sco-pe cf thi s brief s-u--bary-. Th-e manager can,

of course, make his ovrn subJective corrections.

A. 6 Pos euA

The conclusion reached fro:- the, resurlts of the arzlysis of the netwiork irryI

well be that it does not reresent an accepta ble zplan f or carrying out thle

projact. In all probability a sh-ortenin-g of the. overall ti:;escale will be requeire

To achieve this, it is necessary to attack, the activities on, the critical path.I
There are tharee basic rules 'or this rcoPlanning:

(i) 2oviewv all activit es to deteriinino whe',,ther each is absolutely essantial-

__ - -to- th ~ nr~ tiVIt'± .ichar desirabla rather than essential :,ay be I
(ii) 7-rEpley additional resources to reluce activity times on the critical

path. It may be possible to transfer rezsources from paths with large positive

slack, otherw-ise total resources may -qave to be irr-reased. This rra be clone by

overtime working, the use of better people, or the recuiimcnt of additional

personnel. Anioth-er possiblj altcrnative is to sub-contract so:r:c activities.

(iii) 2;*o or more, activities which, in the original network, were planned

to occur in serieDs, may be- re-planned to take place_ in parallel. This course .
imnal involve Soi:e technical risk, aid %-.ill ocrtainly involve; an increase in

resources in the same-. way as rule 2.

in a project of any size, there may be a r~.ber of alternative m~thods of

achieving the desired result., Each of these alternatives may be tried in the PER':I

mordel, ari their effects detern-ined to ernable the best solution to be found.

V ien the critical path has been re duced to the required length, and the

anal-'sis has been run through again, it is highly Ilkely that a new critical path I
will have been created. This rrnst be treated in the same way, until all the

areas of criticalilty have been dealt with. In considering th-e final analysis,

two points rn-ust be borne in mndr. The creation of a num-ber of paths with nearly

the sre criticality 3eads to an opiisi reliction, as stated above.

Seconily, the peck d(em-ard for resources should not exceed thos3e likely to be

available. In any case, excessive pzeaks in Ler,-earK1 for labour lead. to

inefficient -workini-.
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The perfected P-T model thus becomes the basis for planning, i.e. allocating

materials, labour and facilities to the project. It may also be used as a channel

of coaTunication to convey planning information backwards and forvards between

management and operations. This leads in to the second function of PERT - review.

A.7 Progress reviews

Once the project ha3 started, the manager will wish to review progress at

regular intervals. V'hen Th1'RT is ustd, ir.ediatelv before each progress report is

due, the netwrork is revised or "up-dated" to bring it into line with the current

situation. All events that have been achieved are deleted and replaced with the

artificial event NIIVI. Any chlanges in the logic of a network that have been brought

about by the changing situation are made, and revised estimates mrade for activities

if necessax. The analysis is run through again, and a slack path analysis prepared.

For a large project, less detailed reports for higher levels of managanent may be

made. The result of this work may indicate that re-planning of parts of the project

is needed to ensure that the objectivcs are reached. The value of PERT is that it

directs management's attention to these areas, and enables them to try possible

solutions in the model as in the initial re-scheduling phase. The predictive

capability of the technique enables corrective action to be taken before it is too

late.

A.8 A guide to further reading

This outliuA is a -opression of a very large -mount of published irfori-ation

about P RT, in which much has be, intentionally omitted. In addition to

omissions intentional ard unintf.ional, it is probable that data campression on

this scale has introduced sone distortion. It does hnw,,-ver include what, from the

writer's own experience, appears to be essential.

Anyone who wuishes to study the subject further may find this list of

recommerded reading useful:

(a) The work of developing PERT, and the foundations upon which it was

based, are described by its originators in reference 10. This has since been

supplemented by an Addendum2 5 .

(b) Perhaps the mst practical of the manuals of PERT is that of Miller8

(o) Joere general treatments of network techniques are rcfcrencc 3 and 22.

(d) Reference 11 contains raterial for training courses on PERT aryl C.PM

(e) L'ost of the statistical arguments ab out PERT have been ventilated in

the colm-is of Operations Research; the Journal of the Operations Research Society
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of America, fro, 1 959 on,;ards. Furtir material of this kint apears in

Managei-,ent Science; the Journa3 'f the Institute of ilanagei'ent Sciences, Baltir,

baryland.

(f) ','re en:tpirieal arguments have been conducted in the colu;;.s of the

now defurct journal: Arospace anagement.

(g) A "Irograirned teaching" book has recently been vublisn.ed.

Paradoxically, ory a person untrained in the subject can express an

objective view,' of a book of ti-ds kind. However, good reports have been received-

of:- "A progranr.ed introduction tc PERT', issued by the I. T.& T. Federal

Electric Corporation, an! puolished by 'liley. A

1

I

S

I

________!
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Table Al - ACTMTY A1' AYSIS

Predeoessor Succezsor Activity t t - te TE
event event t - -

1 2 Write design speo. 1.5 2 3 2.1 2.1
2 3 Electrical design 5 7 12 7.5 9.6 CL
2 4 Write test spec. 3 5 8 5.2 7.3 2i,,101
3 5 Mechanical design 2 3 5 3.2 12.8 1
3 6 Order components 2 2 2 2 -1.6 I j\
4 11 Dummy 0 0 0 0 7.3
4 17 Dummy 0 0 0 0 7.3 <

5 7 Order material 2 2 2 2 14.3 (2.
5 8 Prepare drawings 5 6 7 6 18.6 2..
6 9 Obtain components 10 14 20 14.3 25.9 28.4 L
7 10 Obtain materials 4 6 10 6.3 21.1 27.-1
8 12 Dummy 0 0 0 0 18
9 11 Dummy 0 0 0 0 2 28.'
9 15 Dummy 0 0 0 0 2 30
10 12 Dummy 0 0 0 0 21.1 27.
11 14 Reliability assessment 10 12 15 12.2 3.1 40.4
12 13 Make chassis 2 3 4 3 24.1 30.7
13 15 Dummy 0 0 0 0 2.4 1 30,

14 19 Dummy 0 0 0 O 1 4C

15 16 Prototype assembly 1.5 2.5 3 2.4 M ) 33".
16 17 Dummy 0 0 0 0 23 33,j
17 18 Prototype tests 5 7 11 7.3 35.6 40 ,
18 19 Dummy 0 0 0 0 35.6 40.
19 20 Design review 1 1.5 2.5 1.6 39.7 42.' -

Table A2 - SLCK PA4J

Weeks of 2.3 " 4.8 6,-
slack

9
Event 2 15 I]

numbers 3 16
6 17
9 18

14 19

19 1

Remarks Critical Sub-critical Sueb-
path but

(TE) = 2.23 (TE) = 1.96

/.
F

AP

.. ,. ,S _
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SELECTRONIC DECUSTICATOR

aotivity event Ativity
T TL Slaok vai o variane Remarks,2nP Vrresponsibility

2.t30 ) .2 (TD

2.1 4 4 2.3 O .06 0.06 For an explanation of Manager
9.6 I01 2.3 1.36 1.42 the circled numbers, Engineering

S7.3 i 28.2 20.9 0.69 0.75 see text-page 41 Eng.
2.6 6.6 0.25 1.67 D.O.

1,.6 . 9 2.3 0 1 .42 Stores

7.3 28.2 20.9 0 0.75
, 7.3 1.1 25.8 0 0.75
t14.8 21.4- 6.6 0 1.67 Storesi18"8  (27.7 8.9 0111 1.88 D.0,

.5.9 28.2 I 2.3 2.79 4.21 Stores

.1.1 27.7 6.6 1.00 2.67 Stores
2 8.9 0 1.88

?58 e.) 2,3 0 4.21
:c 30.7 4.8 0 4.21
219 27.7 6.6 0 2.67

1 40.4 2.3 0.69 4.90 - Eng.
24.1 30.7 6.6 0.11 2.78 Shops
22J 30.7 6.6 0 2.78

40.4 2.3 0 4.90
. 33.1 4.8 0.06 2.84 Model shop

33.1 4.8 0 2.84
5. 40.4 '.8 1.00 3.84 ing.
5.6 140.4 4 8 0 3.84
9.7 42.0 2.3 0.06 4.96 a (TE) 2.23 Manager

Scheduled time: 42 weeks
Objective event:

_ I _Prototype approval

S.Z PATh ANALYSIS

6.6 8.9 20-;,

3 5 2
5 8 4
7 12 11

7 10
3- 12

V 13
15

;ical Sufb-c itoal Suo-crl ticsa Sub-critical

!1.9(6

Sub-i i
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Apendix B

PROGR 7T1W1LUATH-IQX AD rovFNTET T--U.LQTjE

COINTRACTUAL RE, JTRE1I'ZI'S

B. I Ceneral

All development ard manufacturing work to meet the attached design aim

will be planned and progressed by moans of the Frograrmre 1"valuation and

Review Techniiue (PE-,/TIL). The follow;ing clauses specify the procedure

to which all terlerers and contractors are ex.,ected to adher,.

B. 2 Procedure

All tenders and contractual proposals are to be accompanied by =-RT/TImrE

network(s) and a preliniin -y analysis report. On ruceipt of contract or an

I.T.P., the contractor is rcoui.ed to review -c nrclinjinary netw:orks in

conjunction with the Design Authority to ac-ive at an agreed progranrne (the
"initial:' ruiort)o He may also be required to enter into liaison with other

contractors and to adjust his interface events to cormco-ri to an overall plan.

The contractor is also to bring his networks up to date and to produce i I

a Progr-ess Analysis Report at intervals to coincide with the technical

reporting interval (nor:ally one calendr month). The effective date of the

Progress Analysis 2eport shall be not more than one working :rek before the

Progress in at which it .ill be discussed, and .t must bi in the hands

of the Design Authority not less t-an t.o working days before the necting.

The contractor may use any version or variant of -isTTI.1E - i

compatible with tle detailed requirements set out bel.'. The Design

Autho-ity will assist contractors who are not fa;milicv with the technique,

but cannot unrcrtak:e trainin, of personnel.

L.3 A'etworks

B.3.1 Events

t;;0orks are to be event oriented. That is, each event bhall be

sho ibol containing a nwntber and an abbreviated description of the

event, .-tiitie "ill not be riu:bered or labelled. 5 ;o different event

symibols arc rTdircd, one for events which hav nn in,rfacc cith, or form

part of, other networks, and onQ for all other events. Prcferrcd synibols

are shon at Fig.B1, but others imay be used providing they arc clear and

unatb i jou s.



50 Appendix B I

The milestones in the attached list are to be incorporated by the contractor,

unchanged, as events in the appropriate networks.

No netv.crk, at any level of indenture, is to contain more than one hundred

ard fifty events. The preferred naxL-inm is one hundred events. ',,iere, because

o- this rwte, or for any other reason, the contractor uses u;ore than one net-

work to cover the work under the contract, he is required to produce an integrated

network meeting the sawre rules at a higher level of inienture which does cover

the entire project.

As specified in the PEPT literature, each netaork will have one (only)

initial event and one (only) objective event. These will normally bc the

specified milestones. As the netork is amended to conform with progress through

the project, the initial event will be the artificial event "NO"; that is, the

last reporting date.

Event ni-bers will be allocated in accordance with Fulkerson's rule. This

rule is stated as follows:

(a) Nwmber the initial or starting event "I".

(b) Delete all the activity arrows emerging from the nu;bered events

(i.e. "1" in the first iteration). This will generate at least one new initial
event.

(c) 1Umber all the ne, initial events "2", "3" and so on, in any order.

(d) 7-eitorate (b) arA (c) until the objective event is reached.

It is per-,issible to use partial nu-Coering, i.e. to omit one or to integers in

each decade in the initial nbering process, so that they may be used for later

additions. If an allocation of event nTubers is made for the contractor's use,

it will be given after the list of ,mlestones.

B.3.2 Activities

Two kinds of activities w.ill be shown on the network: real or time-

consuming acti,,ities, and duray activities. They are to be shown. bl! solid and

dotted lines respectively. In each case the line vwll be terninated by an

arrow pointing to the successor event.

The rule which specifies unique predecessor and successor events for each

activity need not be followed, because this prcduces an cxcessive rnuiber of

durVy activities. Its use should be confined to situations where it is

necossary in th:e interests of clarity.
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The dcgfee of detail reqaired in the network is difficult to define.

It i9, in part, governed by the limitation on the mnrber of events. It is

also reiuired that the content of activities sh all be chosen such that the

longest of the expected times te shall approxisnte to the reporting period -

four wcoks. Each activity must fall within the responsibility of ort

individual suiervisor within the contractor's organisation. It is important

that activities shall not be defined in such a way that they involve the

'cork of two or more dcpartoents.

Three time estimates will be made for each activity. Thy are to be

the optimistic tof most likely t and pessimistic t times of the basic

FM- T. The contractor , ill be required to calculate the expjected time t e

and variance for each activity. There activities on the contractor's

network are the responsibility of the Design Authority or another contractor,

he must :Tive adocraate notice to the party concerned that three time estieates

are requirel. This system of estinating is to be used throughout the project,

except for dummy activities and for activities where a precise time is knovn

in advare.

B. 4  .- nalysis

These recuirements have been drawn up in such a way that rrzanual analysis

is feasible. There is, of course, no obteotion to the use of an electronic
oomputer, but the information suecified must alvays be provided. If the

analysis is to be done manual!y, a calculatirc aid known as the P2 ,RT---GRAPH II

Criticol Path Comnuter will be f'LJrd useful. Tis inexnenslve device is

obtainable from Jamnes Halcomnbe Associates at Beverley 'Hills, California. The

accuracy obtainable by its careful use is acceptable.

T-wo Analysis Reports are required, ard their preferred forrs are shown

in Table 1 and Table 2. Manual analysers will have no difficulty in

adhering to the precise form of these tables, A computer print-out in

different form is acceptable, providing that it yields the same infonration,
C

orissions can be added manually if necessary. Contractors who rish to use

an existing computer prograre should consult the Design Authority to arrive

at an aceetable cormnromise. It will be obserrd that the basic analysis is

activity oriented, this may readily be derived from the event oriented network

if the eve-nts are suitably labelled,

The tims estimates at-i the results of the analysis should not be written

on to th Tlaster copy of the net;ork, because this will make later a.-meniments

more difficult. 'Squared up" networks, which are arranged for events to be

aligned with a horizontal timescale, are not required.
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The latest allvable time T for the objective event is to be the

scheduled time, if one is stated in the contractual re(uirement, or the total
estimated time T. fcr tha~t event frorr the contraetorts oi,,n analysis.

~The basis of the analysis is to be the original .......T fon, ..ulae &givan in

Table 1. It is apprciated that the usc of these fox,:ulae can lead to minor

errors. If the contractor wishes to use ronte Carlo or other techiliques to

minimise these errors, hc may do so, but the basic analysis should still be

performed ard shown in the reports.

B.5 Reports

The preliminary and initial reports will consist of a print of the

netork(s), the network analysis and the slack path analysis. Progress

reports vill contain the net;ork analysis anKi the slack path analysis

referred to the reporting date. A list of events achieved since the previous

report is also recquired. These can then be transferred to the network to

give the position of " iC)Y.". if any modifications have been made to the

netvork in addition to the change in position of "0'IO", a copy of the

modified network Nill also be required.

Ij
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Appendix C

TRE YODEL OF,02 -, ACTIVITY

The -odel of the duration of a real activity in a netvork can be deter-

ministic (as in the single time estiuate of C.P,' ) or stochastic (as in PERT)

in that it can be expressed as a random variable with a specific distribution.

MacCri.rnon and uyavec have suggested that three properties might be

postulated for such distribution:

(a Unimoaalitz i

The rve of probability versus time should have a single mode (or peak) i2

which i. in PERT terinolog2y, the "most likely' time for completion. One

can imagine some special cases in research and development where this Might not

be true, but the vast lajority of activity distributions may be expected to be

unimodal.

(b) Continuity

The distribution and hence its curve should be continuous. Again, it is

possible to postulate special cases with discrete distributions, but a continuous

distribution will be a good approximation.

(c) T.o non-negative abscissa intercepts

This property merely reflects the certainty that an activity cannot be

completed in negative time.

To these, the present writer would add a fourth:

(d) The possibilit. of asvr.metry

The majority of distribution of time estimates are skewed, and one feels

intuitively that this reflects the practical situation. In ary case, the use of

a syrr netrical distribution, eg, the nornal distribution, ,,ould be to impose

a restriction which it would be difficult to justify.

A distribution which possesses these four properties is the beta, and this

was chosen by the originators of FERTI 0 ' 2 5 to be the model for the duration of

an activity. The probability density function of the beta distribution is:

f(t) = K(t - a)a . (b - t) . (Ci)

Some examrples are given in Fig. A7. It will be noted that the first is

synrnetrica, the second is skewcd to the left an the third is skewed to the

right.
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In this expression. the two end points of the distribution A and B are
specified by the optinistic and peszimstic time estimates t and t . The

0 0
exnonents , and , are determined by the assunption that the standard deviation

cf the distribution is o-c-sixth of its range (b - a) and the estimate of

the value of the mode (m), or most likely time t
m

In the FZRT algorism., the two parameters used arc the mean (or expected

time t,) and variance (square of the standard deviation) although these do not

define a unique distribution. To obtain the nan precisely it is necessary

to solve a cubic egaation but, to simplify the application of the model a

linear approxination was made:

1,en a +4i+ b_ (C2)Mean = 6 (2

or in P1RT terminology

(t o + 4t + t O )

and tha variance

2 ti) t0072 (t 0 tq4
e6

L

Tri s a-preximation and assunotion are not rigorously valid for all beta
26

distributions. Battersby , who deals with the PERT statistics at saco3 length,

shows that they are true when the parameters of the beta distribution have

certain specific valucs, and that they are not grossly in error over quite a

wide range of values. There is, however, a tendency to underestLratc the

variance when using equation C4.

Various alternative rethods of computing activity and network parameters
13 1a4rnno an1a7Sykhave been suggested by Fulkerson . 1.laCrimmon and Ryavec1 4 , Van Slyke and

others. No ithstanding the mathematical m.erit cf these alternatives, managers

have, in practice, contiruted to use the3 original PF2RT method almost exclusivoly.

It is simple, it has been shra;n to work in practice and its acknowledged

deficiencies can be minimisci by intelligent inLlenentation.
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